Biotransformação de limoneno por Colletotrichum acutatum e C. nymphaeae by Sales, Adones, 1989-
 
 
 
UNIVERSIDADE ESTADUAL DE CAMPINAS 
Faculdade de Engenharia de Alimentos 
 
 
 
 
 
ADONES SALES 
 
 
 
 
 
LIMONENE BIOTRANSFORMATION BY Colletotrichum acutatum AND C. 
nymphaeae 
 
 
 
BIOTRANSFORMAÇÃO DE LIMONENO POR Colletotrichum acutatum E C. 
nymphaeae 
 
 
 
 
 
 
 
 
 
CAMPINAS 
2018
ADONES SALES 
 
 
 
LIMONENE BIOTRANSFORMATION BY Colletotrichum acutatum AND C. 
nymphaeae 
 
 
BIOTRANSFORMAÇÃO DE LIMONENO POR Colletotrichum acutatum E C. 
nymphaeae 
 
 
 
Thesis presented to the Faculty of Food 
Engineering of the University of Campinas 
in partial fulfillment of the requirements for 
the degree of Doctor, in the area of Food 
Science 
 
 
Tese apresentada à Faculdade de 
Engenharia de Alimentos da Universidade 
Estadual de Campinas como parte dos 
requisitos exigidos para a obtenção do 
título de Doutor em Ciência de Alimentos 
 
 
Supervisor/Orientador: PROF. DR. JULIANO LEMOS BICAS 
 
 
ESTE EXEMPLAR CORRESPONDE À 
VERSÃO FINAL DA TESE DEFENDIDA 
PELO ALUNO ADONES SALES E 
ORIENTADA PELO PROF. DR. JULIANO 
LEMOS BICAS. 
 
 
CAMPINAS 
2018 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
COMISSÃO EXAMINADORA 
 
 
 
Prof. Dr. Juliano Lemos Bicas (Orientador) 
Faculdade de Engenharia de Alimentos – UNICAMP 
 
 
 
Prof. Dr. Marcus Bruno Soares Forte (Membro Titular) 
Faculdade de Engenharia de Alimentos – UNICAMP 
 
 
 
Profa Dra Adriane Bianchi Pedroni Medeiros (Membro Titular) 
Departamento de Engenharia de Bioprocessos e Biotecnologia – UFPR 
 
 
 
Prof. Dr. Gustavo Molina (Membro Titular) 
Instituto de Ciência e Tecnologia – UFVJM 
 
 
 
Prof. Dr. Marcel Otavio Cerri (Membro Titular) 
Departamento de Bioprocessos e Biotecnologia - FCFAR – UNESP 
 
 
 
 
 
 
 
 
 
 
 
 
A Ata de Defesa, assinada pelos membros da Comissão Examinadora, 
encontra-se no processo de vida acadêmica do aluno.
AGRADECIMENTO 
 
À Universidade Estadual de Campinas e à Faculdade de Engenharia de 
Alimentos pela oportunidade concedida de realização do curso de doutorado. 
À CAPES pela bolsa de estudos. À FAPESP e ao CNPq pelo apoio 
financeiro. 
Ao professor Juliano Lemos Bicas, meu orientador, a quem me espelho 
diariamente como exemplo de profissionalismo, dedicação e competência. Que nunca 
mediu esforços para apoiar seus alunos e foi responsável por boa parte de meu 
aprendizado nesse período. 
Aos membros da banca examinadora pelas contribuições. 
Ao corpo docente da FEA, em especial à professora Glaucia Pastore por 
todo apoio e aconselhamento, importantíssimos na minha formação. 
Ao professor Marcel Cerri pela inicial contribuição nessa caminhada. 
Ao Professor Mauro Rebelo, à Dra. Juliana Americo e à Luana Afonso pela 
colaboração essencial no campo de bioinformática. 
Aos funcionários da FEA, em especial Nadir e Dora, que tenho como 
amigos por toda a vida. 
À minha princesa, esposa e eterna companheira, Vanessa Farias Sales. 
Essa etapa não se concluiria sem sua ajuda, amor e carinho. Sou eternamente grato 
por toda felicidade, dengo, encorajamento e paciência que teve para mim nesse 
período. Te amo muito. 
Aos meus pais Arlindo e Sandra, que mesmo distantes geograficamente, 
estão sempre próximos e nunca deixaram de me acompanhar. André e Agust por 
serem irmãos e amigos. Aos meus sogros, Gilvan e Dulcilene, à minha cunhada 
Giovanna e à dona D’Jesus por serem uma família que ganhei e sempre me apoiarem. 
Aos meus avós, tios e primos pelos conselhos e apoio. 
Aos amigos dos Laboratórios de Biotecnologia, Bioaromas, Compostos 
Bioativos e Química de Alimentos que somei nesse período. São muitos, não seria 
justo tentar citar todos e poder esquecer o nome de alguém. 
Aos amigos que tiveram importante contribuição ao longo desta jornada: 
Luiz, Cilene, Altobelly, Fernando, Flávia, Téo, Igor, Rodrigo, Ellison, Leonardo, 
Kleverson e Fellipe. 
A todos que contribuíram de alguma forma para esse momento. 
RESUMO 
 
A produção biotecnológica de terpenos surge como uma alternativa 
atraente em comparação com métodos químicos, pois, além de possuir maior regio e 
enantio-seletividade, redução ou ausência de resíduos tóxicos ainda resulta na 
obtenção de produtos rotulados como “naturais”. Os processos de biotransformação 
agregam valor a substratos largamente encontrados na natureza ou a subprodutos 
industriais. Os produtos de biotransformação de terpenos têm uso no campo 
alimentício, cosmético, farmacêutico, energético, dentre outros. Este estudo relata a 
capacidade de biotransformação de terpenos pelas cepas Colletotrichum acutatum 
TQ058A e C. nymphaeae CBMAI 0864. Além disso, o processo de biotransformação 
de R-(+)-limoneno para limoneno-1,2-diol por C. nymphaeae foi caracterizado quanto 
à necessidade de oxigênio, alimentação de substrato, indução, influência do 
congelamento e ressuspensão e aplicação em sistema bifásico. O mesmo processo 
anteriormente citado também foi otimizado em escala laboratorial e aplicado a 
biorreator de bancada. Para avaliação da capacidade de uso de terpenos como fonte 
de carbono, as cepas foram inoculadas em meio mineral sólido com adição de fonte 
terpênica. As placas que apresentaram crescimento foram inoculadas em frascos com 
meio YM líquido (30 °C, 150 rpm, 72 h) para produção de biomassa. Posteriormente, 
ressuspensas com terpeno em tampão para biotransformação (30 °C, 150 rpm). As 
duas cepas foram capazes de biotransformar limoneno, α-pineno e linalol. Até onde 
se sabe, é o primeiro relato da biotransformação destes terpenos por espécies de 
Colletotrichum. As cepas produziram altas concentrações de limoneno-1,2-diol (4,06 
e 3,08 g.L-1 para C. nymphaeae e C. acutatum, respectivamente) a partir da 
biotransformação de limoneno. O processo de biotransformação de R-(+)-limoneno 
para limoneno-1,2-diol por C. nymphaeae foi caracterizado como aeróbio e indicou-se 
o uso de biomassa crescida por 72 h e uma única adição de 15 g.L-1 de R-(+)-
limoneno, considerando melhor concentração do produto e rendimento. O sistema 
bifásico não foi viável para este processo. A biomassa pode ser armazenada 
congelada sem perda significativa na atividade catalisadora. A recuperação da 
biomassa seguida de ressuspensão é desnecessária, sugerindo que a 
biotransformação pode começar pela adição de limoneno ao biorreator logo após o 
esgotamento da glicose durante a produção de biomassa. A indução não teve impacto 
no aumento da concentração de limoneno-1,2-diol. O uso de 13,2 g.L-1 biomassa, 27 
°C, 250 rpm e pH 6.0 foi a condição ótima para produção de limoneno-1,2-diol em 
frascos. Oxigênio dissolvido (DO, >60%) foi útil para definir os parâmetros de agitação 
(300 rpm) e aeração (1 vvm) no biorreator. A volatilização do substrato no biorreator 
foi reduzida usando um condensador de 60 cm. Quando o biorreator foi operado a 27 
°C, 300 rpm, 1 vvm e contendo 13,2 gL-1 de biomassa de C. nymphaeae, a produção 
de limoneno-1,2-diol atingiu 7,1, 7,8 e 5,6 g.L-1 após 3 dias utilizando 20 g.L-1 de R-
(+)-, S-(‒)-limoneno ou terpeno cítrico, respectivamente. O processo em biorreator 
teve uma produtividade quase três vezes maior que em frascos. Futuros trabalhos são 
encorajados, como a purificação e aplicação biológica do composto produzido, alguns 
desse já estão sendo conduzidos pelo grupo de estudo. 
 
 
ABSTRACT 
 
The biotechnological production of terpenes appears as an attractive 
alternative in comparison to chemical methods, since, in addition to having a greater 
region and enantioselectivity, reduction or absence of toxic residues still results in the 
obtaining of products labeled "natural". Biotransformation processes add value to 
substrates widely found in nature or to industrial by-products. Terpene 
biotransformation products are used in the food, cosmetic, pharmaceutical, energy, 
among others. This study reports the ability of biotransformation of terpenes by the 
strains Colletotrichum acutatum TQ058A and C. nymphaeae CBMAI 0864. In addition, 
the biotransformation process of R-(+)-limonene to limonene-1,2-diol by C. 
nymphaeae was characterized oxygen demand, substrate feeding, induction, influence 
of freezing and resuspension and application in biphasic system. The same process 
previously cited was also optimized in laboratory scale and applied to bench bioreactor. 
To evaluate the ability of terpenes as a carbon source, the strains were inoculated in 
solid mineral medium with addition of terpene source. Growth plates were inoculated 
in flasks with liquid YM medium (30 °C, 150 rpm, 72 h) for biomass production. 
Subsequently, resuspended with terpene in buffer for biotransformation (30 °C, 150 
rpm). The two strains were able to biotransform limonene, α-pinene and linalool. As far 
as we know, it is the first report of the biotransformation of these terpenes by species 
of Colletotrichum. The strains produced high concentrations of limonene-1,2-diol (4.06 
and 3.08 g.L-1 for C. nymphaeae and C. acutatum, respectively) from the 
biotransformation of limonene. The biotransformation process of R-(+)-limonene to 
limonene-1,2-diol by C. nymphaeae was characterized as aerobic and indicated the 
use of biomass grown for 72 h and a single addition of 15 g.L-1 of R-(+)-limonene, 
considering better product concentration and yield. The biphasic system was not 
feasible for this process. Biomass can be stored frozen without significant loss in the 
catalyst activity. Recovery of biomass followed by resuspension is unnecessary, 
suggesting that biotransformation may begin with the addition of limonene to the 
bioreactor shortly after glucose depletion during biomass production. Induction had no 
impact on the increase in concentration of limonene-1,2-diol. The use of 13.2 g.L-1 
biomass, 27 °C, 250 rpm and pH 6.0 was the optimal condition for the production of 
limonene-1,2-diol in flasks. Dissolved Oxygen (DO> 60%) was useful to define the 
agitation (300 rpm) and aeration (1 vvm) parameters in the bioreactor. Volatilization of 
the substrate in the bioreactor was reduced using a condenser of 60 cm. When the 
bioreactor was operated at 27 °C, 300 rpm, 1 vvm and containing 13.2 gL-1 of C. 
nymphaeae biomass, the production of limonene-1,2-diol reached 7.1, 7.8 and 5.6 g.L-
1 after 3 days using 20 g.L-1 of R-(+)-, S-(‒)-limonene or citrus terpene, respectively. 
The process in bioreactor had a productivity almost three times greater than in flasks. 
Future works are encouraged, such as the purification and biological application of the 
compound produced, some of which are already being conducted by the study group. 
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1. INTRODUÇÃO 
Terpenos são substâncias sintetizadas por plantas como metabólitos 
secundários que apresentam funções de comunicação e defesa contra vários 
estresses (SINGH; SHARMA, 2015). São os principais constituintes de diversos óleos 
essenciais e também presentes em resinas vegetais e, devido às suas propriedades 
organolépticas, são amplamente utilizados na indústria de aromas, seja como 
fragrâncias ou como ingredientes em alimentos e cosméticos. Os trabalhos referentes 
à biotransformação de terpenos têm se mostrado uma alternativa promissora para a 
produção de compostos de interesse de maior valor agregado, como aromas naturais 
e compostos bioativos, por exemplo. 
Aromas e fragrâncias têm ampla aplicação em setores de alimentos, 
rações, cosméticos, químicos e farmacêuticos. Estas substâncias representam um 
mercado global que movimenta bilhões de dólares com estimativa de crescimento 
anual de 3,6% entre 2015 e 2020 (LUCINTEL, 2015). A produção biotecnológica de 
compostos de aroma surge como uma alternativa atraente, pois tem a vantagem, em 
comparação com métodos químicos, de possuir maior regio e enantio-seletividade, 
redução ou ausência de resíduos tóxicos e apresentar produtos rotulados como 
“naturais” (BICAS; DIONÍSIO; PASTORE, 2009). O maior incentivo para a produção 
de aromas via biotecnologia é o valor de mercado dos “aromas biotecnológicos”, 
comumente muito acima dos análogos “sintéticos”. Tal fato se reforça com a vasta 
disponibilidade e baixo preço dos potenciais substratos, como o limoneno e α-pineno, 
por exemplo. 
Além das propriedades tecnológicas, os terpenos são tradicionalmente 
utilizados pela medicina popular. Os óleos essenciais (ricos em compostos terpênicos) 
são reconhecidos por auxiliar no tratamento de diferentes problemas de saúde. Dentre 
as aplicações descritas na literatura, destacam-se as atividades anti-inflamatória, 
antiespasmódica, anticancerígena e antimicrobiana (AYSELI; IPEK AYSELI, 2016; DE 
SOUSA et al., 2015; RAUT; KARUPPAYIL, 2014; SOBRAL et al., 2014). 
Do ponto de vista econômico, os terpenos são interessantes, pois ocorrem 
largamente na natureza. O monoterpeno R-(+)-limoneno é o componente principal de 
óleos cítricos. Estima-se que 31,2 milhões de toneladas de frutas cítricas são 
processados a cada ano no mundo, produzindo 15,6 milhões de toneladas de 
resíduos, que são uma rica fonte de limoneno (LIN et al., 2013). Os monoterpenos 
bicíclicos α e -pineno são os principais constituintes da terebintina, óleo essencial 
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obtido da destilação de resinas de coníferas, e também são encontrados nos óleos da 
madeira e folha de uma grande variedade de outros vegetais (PINDER, 1960). Na 
indústria de papel e celulose, gera-se 5 a 10 Kg de terebintina bruta para cada 
tonelada de polpa de celulose originada de árvores do gênero Pinus (STENIUS, 2000). 
Tanto o limoneno como os pinenos são utilizados na indústria como solvente para 
diluir pigmentos, dissolver ceras e limpeza de equipamentos e utensílios. Esses 
terpenos são considerados baratos, pois são obtidos na forma de subprodutos (YOO; 
DAY, 2002). Assim, a utilização do processo de biotransformação se apresenta como 
alternativa para agregação de valor a tais subprodutos. 
Compostos de aroma estão frequentemente presentes em baixas 
concentrações nos sistemas fermentativos, resultando em alto custo para os 
processos de recuperação em escala industrial. O baixo rendimento se dá pela 
volatilidade dos compostos envolvidos e toxicidade de terpenos aos micro-organismos 
em geral (CHATTERJEE; BHATTACHARYYA, 2001; DEMYTTENAERE; DE KIMPE, 
2001; MARÓSTICA; PASTORE, 2007). Em processos de biotransformação para 
produção de derivados terpênicos, como o α-terpineol, álcool perílico, carveol, carvona 
e limoneno-1,2-diol, a seleção dos parâmetros da estirpe e dos bioprocessos permitiu 
melhorar consideravelmente o rendimento e a pureza óptica dos produtos desejados 
(BICAS et al., 2008; DE CARVALHO et al., 2000; KASPERA et al., 2005; ROTTAVA 
et al., 2011). O uso de biorreatores se mostra como o processo inicial em busca da 
aplicação industrial de procedimentos de biotransformação (DE CARVALHO; DA 
FONSECA, 2006). Mesmo que a maioria dos estudos de biotransformação ainda 
sejam realizados em frascos Erlenmeyer, a utilização de biorratores é uma tendência 
para a produção em larga escala com rendimentos satisfatórios (BICAS et al., 2016). 
Portanto, trabalhos de adaptação, planejamento, otimização e scale-up são desafios 
atuais nos estudos de biotransformação de terpenos. 
Colletotrichum é um gênero de fungos que engloba muitas espécies 
causadoras de doenças em uma gama extensiva de hospedeiros vegetais 
(WHITELAW-WECKERT et al., 2007). Fungos do gênero Colletotrichum são tidos 
como modelos para processos de infecções em tecidos de plantas (BAILEY; JEGER, 
1992). Em casos raros, algumas espécies do gênero Colletotrichum (C. coccodes, C. 
crassipes, C. dematium, C. gloeosporioides, e C. graminicola) têm sido relacionadas 
a doenças humanas, predominando infecções subcutâneas por trauma em indivíduos 
imunodeprimidos (CANNON et al., 2012; CANO; GUARRO; GENÉ, 2004). 
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A espécie Colletotrichum acutatum foi identificada como o mais importante 
agente causador da queda prematura dos frutos cítricos (BROWN; 
SREENIVASAPRASAD; TIMMER, 1996). A espécie foi submetida a uma reavaliação 
taxonômica completa e agora é sugerida como um complexo de espécies, 
compreendendo 31 espécies. A espécie Colletotrichum nymphaeae (anteriormente 
conhecida como C. acutatum) é o agente mais importante da antracnose em morango 
(DAMM et al., 2012). 
Na literatura, a capacidade de biotransformação por espécies do gênero 
Colletotrichum já foi observada, inclusive para terpenos. Os monoterpenos timol e 
carvacrol foram utilizados como substrato em biotransformação pelos fungos 
patogênicos Colletotrichum acutatum e Botryodiplodia theobromae, produzindo 
compostos em baixa proporção, como thimoquinona, thimohidroquinona e acetato de 
timol e carvacrol (NUMPAQUE et al., 2011). C. acutatum foi utilizado para 
biotransformar ácido trans-cinâmico e se obter compostos de aroma, tais como álcool 
de cinamilo e 3-fenil-1-propanol , e seus ésteres (VELASCO et al., 2012). A espécie 
também foi capaz de bioconverter ácido cinâmico em seis compostos: 3-fenil-1-
propanol, 1-fenil-1,3-propanodiol, 2-feniletanol, 1-fenil-1,2-etanodiol, acetato 3-fenil-
propil e ácido hidrocinâmico (VELASCO et al., 2010). No trabalho de Velasco-Bucheli 
et al. (2015) foi obervado que a degradação de trans-anetol por C. acutatum segue 
uma via epóxido-diol (trans-anetol para anetol-epóxido, seguida de anetol-diol). Ácido 
ferúlico foi convertido em maior proporção para 4-vinilguaiacol e em menor proporção 
para acetovanilona, etilguaiacol, e vanilina (compostos utilizados como 
aromatizantes), em reações catalisadas por Colletotrichum acutatum e Lasiodiplodia 
theobromae (NUMPAQUE; GIL GONZÁLEZ; DURANGO RESTREPO, 2015). No 
entanto, até onde sabemos, o presente estudo é o primeiro a envolver relatos sobre a 
capacidade de fungos do gênero Colletotrichum de biotransformar R-(+)-limoneno ou 
α-pineno. 
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2. OBJETIVOS 
O projeto teve como objetivo geral o estudo do potencial biotecnológico das 
cepas C. acutatum TQ058A e C. nymphaeae CBMAI 0864 na biotransformação de 
terpenos. Para isso, o projeto foi desenvolvido em etapas com os seguintes objetivos 
específicos: 
 
1) Investigar o potencial biocatalítico de Colletotrichum acutatum e Colletotrichum 
nymphaeae para a biotransformação de terpenos; 
 
2) Investigar as condições de cultivo para a produção de limoneno-1,2-diol pela 
biotransformação do R-(+)-limoneno por C. nymphaeae; 
 
3) Otimizar a biotransformação de R-(+)-limoneno para produção de limoneno-
1,2-diol por C. nymphaeae em biorreator de bancada de 2,5 L. 
 
3. ORGANIZAÇÃO DA TESE 
Esta tese está organizada em: 
No Capítulo 1 está apresentada uma revisão bibliográfica em formato de 
artigo publicado no periódico “Current Opinion in Food Science”. A revisão aborda os 
últimos avanços e descobertas da pesquisa, indústria e comércio envolvendo a 
bioprodução de compostos de aroma, com foco na classe dos terpenos. 
O Capítulo 2 contém o estudo da capacidade de biotransformação de 
terpenos por C. nymphaeae e C. acutatum. Artigo publicado no periódico 
“Biotechnology Letters”. 
O Capítulo 3 descreve a investigação das condições de cultivo da 
produção de limoneno-1,2-diol pela biotransformação de R-(+)-limoneno por C. 
nymphaeae. Tal relato está na etapa de revisão em periódico. 
O Capítulo 4 apresenta um estudo de otimização e aplicação em biorreator 
de bancada da biotransformação de limoneno para limoneno-1,2-diol por C. 
nymphaeae. O estudo está em preparo para submissão em periódico científico. 
No Apêndice serão apresentados os dados relativos ao início das 
atividades laboratoriais no doutorado, quando se buscou a biotransformação de 
limoneno por Fusarium oxysporum 152b em biorreatores STR e airlift. Como os 
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resultados foram considerados insatisfatórios, devido à baixa ou ausência de 
produção, foi desconsiderada a elaboração de um artigo. 
Nos Anexos estão disponíveis o Termos de Licença para os artigos já 
publicados utilizados na tese e o Comprovante de Cadastro de Acesso emitido pelo 
Sistema Nacional de Gestão do Patrimônio Genético e do Conhecimento Tradicional 
Associado (SisGen). 
Por fim, será apresentada uma Discussão Geral e uma Conclusão Geral 
a partir dos dados apresentados ao longo da tese. 
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Abstract 
Aroma compounds may be recovered from natural sources, produced by chemical 
synthesis or by biotechnological means. The latter approach has faced constant 
growth and it is expected to continue expanding in the future. This study reviews the 
recent advances in the biogeneration of aroma compounds, focusing on the microbial 
production (either by de novo synthesis or by biotransformation of widely available 
substrates) of the most commercially relevant compounds. 
 
Highlights 
• Recent advances in bioaroma production are presented. 
• Focus is given for economically relevant products. 
• Emphasis on de novo synthesis and biotransformation of terpenes. 
 
Introduction 
With a global market of US$ 3.85 billion in 2015, the aroma industry has a 
predicted CAGR (compound annual growth rate) of 6.2% between 2016 and 2024, 
being terpenes the predominant class of compounds in this market [1]. The increasing 
consumers’ preference for natural compounds over the synthetic ones has also 
characterized this market [2]. Moreover, green and sustainable appeals have also 
been considered important demands in this sector [1]. Legislations worldwide 
(Regulation (EC) No. 1334/2008; US Code of Federal Regulations Title 21, Section 
101.22) define natural aroma compounds as those extracted from natural sources (e.g. 
plants) or produced biotechnologically from a natural substrate [3]. In the first case, 
limitations such as low concentration of the target compound, seasonal and 
environmental issues are usually present, while the biotechnological approach may be 
seen as a sustainable strategy to overcome these challenges [3]. 
Biotechnological production of aroma compounds may be accomplished 
using two approaches: de novo synthesis (‘fermentations’) or biotransformations 
(Figure 1). The former refers to the production of substances from simple building block 
molecules, which are processed by organisms through an entire metabolic pathway to 
form a different and complex structure [4]. Terpenes, for example, are produced de 
novo starting from isopentenyl pyrophosphate and dimethylallyl pyrophosphate 
obtained by mevalonate or deoxyxylulose phosphate pathways [5]. The de novo 
synthesis strategy has been employed over the last years for the commercial 
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biogeneration of different compounds for flavor and fragrance industry. These 
processes are usually carried out by genetic and metabolic engineered 
microorganisms, aiming at the bulk production of conventional or new aroma 
compounds [6]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Selected examples of biogeneration of aroma compounds by de novo 
synthesis (dashed lines) and biotransformations (continuous lines). For more details 
see the text, [7••,13••]. 
 
Biotransformations are stereo and regioselective chemical modifications of 
a precursor into specific products based on single or multistep reactions catalyzed by 
biological systems (cells or enzymes). Biotransformations, such as the conversion of 
ricinoleic acid to γ-decalactone, have been employed since the early stages of the 
bioaroma industry, and this approach is still widely investigated and used commercially 
(e.g. vanillin production) [7••,8,9]. 
Thus, the aim of this review is to overview the most recent advances in the 
biotechnological production of aroma compounds by either de novo synthesis or 
biotransformations, particularly considering the most economically relevant products 
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(Figure 1). For more detailed information regarding the metabolic paths and enzymes 
involved in the microbial production of aroma compounds or the strategies to 
regulate/control these enzymes in order to construct a more efficient microbial strain 
to produce aroma compounds, we recommend the reading of other reviews 
[6,7••,10•,11,12]. 
 
Terpenes 
Mono and sesquiterpenes are essential to flavor/fragrance, food, and 
cosmetic industries, not only for their flavoring properties but also for possibly being 
bioconversible into value-added derivatives [7••]. The most notable examples of 
terpenes and their biotransformation products will be presented in the following 
sections. 
 
Limonene and its biotransformation products 
Limonene is a cyclic monoterpene commonly present in citrus and other 
essential oils [14]. Although it is widely available at a reasonably low cost, some 
attempts have been made to produce this monoterpene de novo by microorganisms 
[10•]. 
Limonene from plant origin is one of the most extensively studied substrates 
in biotransformation processes. Recently, a comparative study of R-(+) and S-(−)-
limonene bioconversion by Fusarium oxysporum was reported. This study showed that 
α-terpineol and limonene-1,2-diol were the major products of R-(+)-limonene and S-
(−)-limonene, respectively [15]. In the first case, the O2-independent biotransformation 
resulted in up to 4.0 g L−1 α-terpineol after 48 h, while the biotransformation of S-(−)-
limonene to limonene-1,2-diol was aerobic and a maximum concentration of 3.7 g L−1 
diol was achieved after 72 h. Similarly, an endophytic fungi identified as Phomopsis 
sp. was able to produce 2.10 g L−1 of limonene-1,2-diol after six days of fermentation 
using an orange residue extract medium containing 2.52 g L−1 of R-(+)-limonene. Other 
minor compounds, that is, carvone, α-terpineol and terpinen-4-ol, were also found (<35 
mg L−1 each). When the biotransformation medium was changed (mineral medium with 
10 g L−1 of glucose and 1% (v/v) of R-(+)-limonene), the diol concentration remained 
stable (2.08 g L−1) but the concentration of carvone and terpinen-4-ol increased (536 
mg L−1 and 89.74 mg L−1, respectively) [16]. The biotransformation of R-(+)-limonene 
into α-terpineol has also been recently reported for Penicillium digitatum DSM 62840 
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[17]. Results showed that α-terpineol concentrations could reach 834 mg L−1 and 785 
m L−1 when using as cosolvent 0.4% (v/v) of ethanol or dimethyl sulfoxide, respectively. 
The selective biotransformation of R-(+)-limonene to perillyl derivatives is a 
great opportunity, particularly because of their antitumoral properties [18]. The 
biotransformation of R-(+)-limonene by Yarrowia lipolytica ATCC 18942 reported a 
perillic acid concentration of 560 mg L−1 after 48 h, and this production could be 
increased to 855 mg L−1 when using stepwise addition of substrate [19]. Alonso-
Gutierrez et al. [20] described an engineered Escherichia coli capable of producing 
perillyl alcohol from endogenously-generated limonene. In this study, over 400 mg L−1 
of limonene were produced from glucose, and an incorporated cytochrome P450 
mediated its hydroxylation to perillyl alcohol, whose concentration reached 100 mg L−1. 
 
Pinenes and their biotransformation products 
The most abundant bicyclic monoterpenes are α-pinenes and β-pinenes, 
which are found as major constituents in conifers essential oils. These compounds 
have been used as substrate in biotransformation processes for production of 
important aroma compounds, including verbenol, verbenone, myrtenol and α-terpineol 
[21•]. 
The production of α-terpineol from (−)-α-pinene (50 mg L−1) using Polyporus 
brumalis yielded maximum of c.a. 24 mg L−1 α-terpineol and minor amounts of fenchol 
after 120 h [22]. The same major product was detected for (−)-α-pinene 
biotransformation by Ceripora sp., which produced, besides α-terpineol (30.38%), 
fenchol (17.78%), borneol (7.19%), limonene (3.90%), verbenone (3.03%), 1-octen-3-
ol (0.43%) and 3-octanone (0.21%). Contrarily, a different product profile was detected 
when using another basidiomycete, Stereum hirsutum, after four days of (−)-α-pinene 
biotransformation: verbenone (27.64%), myrtenol (17.75%), camphor (8.49%) and 
isopinocarveol (3.10%) [23]. 
Trytek et al. [24] described the biotransformation of α-pinene into 
oxygenated products (verbenol and verbenone) by a novel psychrotrophic fungi, 
identified as Chrysosporium pannorum. This strain was able to produce about 326 mg 
L−1 of verbenol using 1.5% α-pinene as substrate and 72 h-old mycelium, while 203 
mg L−1 of verbenone was obtained using 1% of substrate and 48 h-old mycelium. 
Subsequently, Trytek et al. [25•] demonstrated that the ratio of the products from this 
bioprocess could vary when using different organic solvents (e.g. chloroform, 1,4-
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dioxane and ethanol). The yield of verbenol and verbenone, for instance, decrease 
from 12 to approximately 4 mg L−1 g−1 using 1,4-dioxane, with a concomitant increase 
on trans-pinocarveol yield from 0.7 (control) to more than 4.3 mg L−1 g−1. 
 
Valencene and nootkatone 
Valencene is a sesquiterpene present in Valencia oranges, and its 
hydroxylate counterpart, nootkatone, is an important grapefruit aroma compound. 
Some recent attempts have been made to synthesize these sesquiterpenes de novo 
in recombinant strains. The expression of valencene synthase (CnVS) in 
Saccharomyces cerevisiae did not resulted in a good valencene production (1.36 mg 
L−1), whereas the expression of CnVS in Rhodobacter sphaeroides resulted in 352 mg 
L−1 of valencene [26]. In another study, the co-expression of valencene synthase and 
valencene oxidase from Alaska cedar in Callitropsis nootkatensis resulted in the 
formation of 144 μg L−1 (+)-nootkatone. In this case, a biphasic medium (n-dodecane 
as organic phase) was unsuited for the production of nootkatone, since the precursors 
(valencene and trans-nooktatol) were sequestered by the organic phase and only 3 μg 
L−1 of nootkatone were detected [27]. 
In fact, the production of nootkatone from valencene is the most notable 
example of sesquiterpene biotransformation. This process is currently used for the 
commercial production of nootkatone by Evolva [28], Isobionics [29] and Oxford 
Biotrans [30], and it has also been widely investigated by many researchers. 
This hydroxylation process was recently reported by Palmerín-Carreño et 
al. [31] using six different wild microorganisms. Aiming at process improvement, 
different biotransformation systems were tested (single aqueous phase, biphasic and 
single organic phase). The best results regarding nootkatone concentrations were 
obtained using biphasic system for Botryodiplodia theobromae (239.7 mg L−1), single 
organic phase for Y. lipolytica (217.4 mg L−1) and single aqueous phase for 
Phanerochaete chrysosporium (110.3 mg L−1). These concentrations are one order of 
magnitude higher than the nootkatone production by an engineered S. cerevisiae 
strain, (c.a. 10 mg L−1) [32], but are similar to the concentration obtained by an 
engineered Pichia pastoris (208 mg L−1 obtained after 15 h). As previously mentioned 
by Schempp et al. [7••], the low yields associated to wild-strains are still considered 
unfeasible for industrial applications, and, therefore, the use of genetic tools and 
enzyme-mediated processes can be considered an important alternative to overcome 
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this challenge. Thus, one of the highest nootkatone concentration already reported 
results from enzymatic oxidations of valencene mediated by lipoxygenase [33] and 
laccase [34]. In the first case, 60 g L−1of verbenone could be achieved. 
 
Farnesene 
Farnesene, a sesquiterpene with applications in aroma and fuel sectors, is 
an insect pheromone found in different essential oils, but currently produced de novo 
in commercial scale by genetically modified yeasts [35]. Three recent studies dealing 
with the biosynthesis of farnesene by genetically modified S. cerevisiae should be 
cited. In one of them, a significant increase in production (reaching 170 mg L−1 of 
farnesene) was obtained using a fed-batch fermentation with a feed rate controlled by 
the respiratory quotient, thus avoiding overfeeding and carbon loss due to the Crabtree 
effect [36•]. In another study, the best technique to overcome the difficulties of 
quantification of farnesene in two-liquid-phase fermentations was obtained [37]. In the 
last study, acetoacetyl-CoA synthase (nphT7) from Streptomyces sp. CL190 was 
employed to bypass acetoacetyl-CoA thiolase to increase the flux through the 
mevalonate pathway and, thus, improve the production of farnesene. However, the 
substitution caused a severe effect on cell growth [38]. 
 
Patchoulol 
Patchoulol is a sesquiterpene alcohol found in patchouli (Pogostemon 
cablin) essential oil. Clearwood™, a pachoulol-rich product containing other 
components of patchouli oil, is currently produced by Amyris in partnership with 
Firmenich [39]. Isobionics also has biosynthetic patchouli oil under development [40]. 
In a recent study, patchoulol was produced by S. cerevisiae via heterologous 
expression of patchoulol synthase from P. cablin [41]. The authors planned a knockout 
gene within the citric acid cycle, predicting the redirection of the metabolic flux toward 
terpenoid synthesis. Patchoulol (1.34 mg g−1 dry weight) was also obtained by the 
genetically engineered moss Physcomitrella patens employing a non-targeted 
transformation of the patchoulol synthase and HMGR overexpression under the control 
of the 35S promoter [42]. Recently, He et al. [43] published the first genome sequence 
of P. cablin. Such a genomic resource will facilitate future research on metabolic 
pathways for the production of patchouli oil. 
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Santalene and santalol 
The sesquiterpene santalene is a precursor of santalol, which is the main 
constituent of sandalwood essential oil. Evolva has a fermentation process to produce 
α-santalol and β-santalol [44], while Isobionics’ sandalwood oil is under development 
[45]. Besides reporting the production of patchoulol by genetically engineered P. 
patens, Zhan et al. [42] also described the ability of α/β-santalene biosynthesis (0.039 
mg g−1 dry weight) by this moss expressing a santalene synthase targeted to the 
plastids. Santalene synthase and other four sesquiterpene synthases from Indian 
sandalwood were also cloned and functionally characterized, paving the way for a 
larger scale production of these sesquiterpenes [46]. 
 
Other terpenes 
Nerolidol is a sesquiterpene with wide biological and technological uses, 
such as flavors, drugs and precursor for synthetic vitamins E/K1. This compound may 
be produced by S. cerevisiae, but part of the precursor farnesyl pyrophosphate (FPP) 
is directed toward squalene synthesis. Trying to redirect the carbon flux to avoid 
squalene production, a protein destabilization approach involving squalene synthase 
protein degradation method was considered. This strategy improved nerolidol titer by 
86%, to ∼100 mg L−1 with no negative effect on cell growth [47•]. 
A cDNA from chamomile (Matricaria recutita) encoding (−)-α-bisabolol 
synthase was identified for enantioselective synthesis of (−)-α-bisabolol by E. coli [48]. 
The purity level obtained encourages the production of this compound, an important 
component of the essential oil of the plant. 
Using methanol as a carbon source, a metabolically engineered 
Methylobacterium extorquens AM1 expressing α-humulene synthase from Zingiber 
zerumbet, in combination with FPP synthase from S. cerevisiae, could produce 16 mg 
L−1 α-humulene, a sesquiterpene present in hops essential oil. This production could 
be increased three times by introducing a prokaryotic mevalonate pathway from 
Myxococcus xanthus in combination with ribosome binding site optimization of α-
humulene and FPP synthases. Another 30% increase could be reached using a 
carotenoid synthesis-deficient mutant strain. Finally, a concentration of 1.65 g L−1 α-
humulene in a fed-batch system was achieved [49]. 
Besides the monoterpenes mentioned, others have also been used for 
biotransformation studies. The potential of P. brumalis for conversion of geraniol to 
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oxygenated products, for instance, was reported [22]. In this case, (−)-trans-p-
menthane-3,8-diol was the major product together with citronellol, linalool and 
isopulegol as minor products. Nunes et al. [50] also described the biotransformation of 
carvone by three fungi (Lasiodiplodia theobromae, Trichoderma harzianum and Mucor 
circinelloides). When R-(−)-carvone was used as substrate, p-menthane-2,8,9-triol 
was formed by L. theobromae and M. circinelloides while T. harzianum produced 
neodihydrocarveol. The S-(+)-isomer, in turn, was only biotransformed to 
dihydrocarvone by L. theobromae. Similarly, the biotransformation of R-(−)-carvone 
yielded dihydrocarvone and dihydrocarveol after 120 h for seven strains among the 25 
non-conventional yeasts tested. Particularly, high conversion level of carvone (63%) 
was observed for Hanseniaspora guilliermondii, having dihydrocarvone as main 
product. This study also evaluated the biotransformation of myrtenal: nine species 
showed conversion levels above 90% with the formation of myrtenol, dihydro-
myrtenals and dihydro-myrtenols as main products. The yeasts Candida freyschussii 
and Kazachstania spencerorum showed 100% conversion levels with formation of 
myrtenol as major product [51]. 
Finally, two new compounds, identified as 1,3,3-trimethyl-2-oxabiciclo 
[2.2.2]octan-6-ol and 1,3,3-trimethyl-2-oxabiciclo [2.2.2]octan-6-one, were produced 
by the biotransformation of 1,8-cineole using edible mushrooms Pleurotus ostreatus 
and Favolus tenuiculus in a solid-state fermentation with spent leaves of Eucalyptus 
cinereal waste as substrate [52]. 
 
Vanillin 
Vanillin is one of the most used flavoring agents in the world, therefore many 
research groups have investigated its biotechnological synthesis and many routes are 
currently commercially available [13••]. A new metabolic pathway for the de novo 
production of vanillin in E. coli was developed using accessible carbon sources such 
as L-tyrosine, glucose, xylose and glycerol. The production of vanillin reached, in such 
cases, 97.2, 19.3, 13.3, and 24.7 mg L−1, respectively [53•]. To understand the 
limitations of the biosynthesis of vanillate, the precursor of vanillin, Kunjapur et al. [54] 
observed the bottleneck in conversion of protocatechuate to vanillate. The authors 
suggest that the limitation of co-substrate S-adenosyl-L-methionine is the reason for 
the conversion decline, since the rate increased with methionine supplementation. 
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Recent advances in biotransformations for vanillin production focused on 
yield increase as well as on costs reduction, for example, using low-cost substrates 
[55,56]. It was shown, for instance, that vanillin concentration could be increased to 
9.2 g L−1 (after 32 h) with 100 mg L−1 vanillic acid supplementation during the ferulic 
acid biotransformation process mediated by Amycolatopsis sp. [57]. This concentration 
was much higher than the 212 mg L−1 vanillin obtained in fed-batch experiments with 
supplementation of vanillic acid or the 165 mg L−1 obtained without supplementation 
[58]. In another study, a solid–liquid two-phase partitioning bioreactor system was 
employed to enhance the biotransformation of ferulic acid by Amycolatopsis sp. In such 
conditions, the final vanillin concentration was 19.5 g L−1 with a productivity of 450 mg 
L−1 h−1 [59]. 
Many studies report the use of recombinant strains for vanillin production 
[60–62]. Furuya et al. [63] investigated a new two-pot bioprocess using a recombinant 
E. coli: the first stage presented an E. coli expressing a gene encoding Fdc from 
Bacillus pumilus to convert ferulic acid to 4-vinylguaiacol, which was further converted 
in the second stage to vanillin by an E. coli expressing Cso2 from Caulobacter segnis. 
The maximum vanillin concentration reached 7.8 g L−1 after 24 h. 
Recently, Chakraborty et al. [61] described a process of vanillin production 
by a recombinant E. coli top 10 using ferulic acid as substrate. The results showed that 
this strain was able to produce 68 mg L−1 of vanillin after 30 min. In addition, 
Chakraborty et al. [62] described the production of vanillin by a recombinant 
Pediococcus acidilactici BD16 (fcs+/ech+) strain utilizing rice bran as sole substrate. 
The maximum vanillin concentration reached 4 g L−1 after 24 h. 
 
Others 
One of the most expensive aroma compounds, raspberry ketone, 
commonly used in perfumes and foods, was produced (7.5 mg L−1) by an industrial 
strain of S. cerevisiae using four heterologous genes encoding phenylalanine/tyrosine 
ammonia lyase, cinnamate-4-hydroxylase, coumarate-CoA ligase and benzalacetone 
synthase [64•], indicating new possibilities for studies on the production of that 
compound. 
Lactones are a diverse group of flavor compounds, structurally defined as 
cyclic esters formed from γ-hydroxy acids and δ-hydroxy acids. The most important 
lactones for aroma industry are γ-decalactone, γ-butyrolactone, δ-decalactone, δ-
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dodecalactone and δ-octalactone [65]. Some of these compounds have been 
produced by biotransformations. For instance, the use of castor oil and crude glycerol 
as low-cost substrates for producing γ-decalactone by Y. lipolytica and Lindnera 
saturnus was recently reported [9]. The best results were obtained using L. saturnus 
and crude glycerol as substrate (5.8 g L−1 γ-decalactone) or Y. lipolytica using castor 
oil as substrate (3.5 g L−1 γ-decalactone). These concentrations were higher than those 
achieved by De Andrade et al. [66] (512.5 mg L−1 for L. saturnus and 214.8 mg L−1 for 
Y. lipolytica) and by Gomes et al. [67] (1.8 mg L−1 using Y. lipolytica and 30 g L−1 of 
castor oil as substrate). 
The production of γ-dodecalactone by permeabilized cells of Waltomyces 
lipofer using 10-hydroxystearic acid as substrate was reported by An et al. [68]. The 
maximum lactone production was above 45.7 g L−1 at pH 6.5, 35 °C and 200 rpm, 
almost four times higher than the process with nonpermeabilized cells (12 g L−1 after 
30 h). Later, Jo et al. [69] reported the production of 2.1 g L−1 of γ-dodecalactone by 
Candida boidinii using 5 g L−1 10-hydroxy-12(Z)-octadecenoic as substrate. In addition, 
1.88 g L−1 of γ-dodecalactone was produced from 7.5 g L−1 of safflower oil in a three-
step process, that is, a lipase hydrolysis of the substrate followed by hydration of 
linoleic and oleic acids using Stenotrophomonas nitrireducens and a final lactonization 
stage using C. boidinii. 
Alcohols, such as 2-nonanol, 2-octanol, 1,2-butanediol, 2-butanol, 2-
ethylbutanol, 2-phenylethanol, among others, are important aroma components in 
many food products [65]. The biotechnological production of 2-phenylethanol (2-PE) is 
one of the most investigated processes. This aromatic alcohol has a rose-like odor and 
is widely applied to cosmetics, perfumery, and food industries [70]. Many studies 
reported the biotransformation of L-phenylalanine for the production of 2-PE using wild 
or genetically modified microorganisms. Kim et al. [71], for example, described the 
production of 4.8 g L−1 2-PE by an engineered S. cerevisiae in a medium containing 
10 g L−1 of L-phenylalanine, while 277 mg L−1 and almost 2 g L−1 of 2-PE was achieved 
using, respectively, an engineered E. coli [72] or Y. lipolytica [73] to biotransform L-
phenylalanine. 
 
Final remarks 
The biotechnological production of aroma compounds has faced many 
improvements in the last decades and, today, many bioaromas are in the market. The 
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use of genetic tools for a rational production of such compounds, particularly via de 
novo synthesis, is a consolidated reality and, despite the reticence of the population, 
the use of wild strains is becoming scarce even in research. Therefore, we expected 
that, in a near future, virtually any aroma compound could be biotechnologically 
produced using an economically viable bioprocess and, thus, new biotech aromas will 
invade the market, particularly those produced de novo from widely available carbon 
sources. 
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Abstract 
Objective 
To investigate the biocatalytic potential of Colletotrichum acutatum and C. nymphaeae 
for monoterpene biotransformation. 
Results 
C. acutatum and C. nymphaeae were able to use limonene, α-pinene, -pinene, 
farnesene, citronellol, linalool, geraniol, perillyl alcohol, and carveol as the sole carbon 
and energy sources. Both species biotransformed limonene and linalool, accumulating 
limonene-1,2-diol and linalool oxides, respectively. α-Pinene was only biotransformed 
by C. nymphaeae, accumulating compounds also present, in minor amounts, in the 
abiotic control. The biotransformation of limonene by C. nymphaeae yielded 3.34 to 
4.01 g limonene-1,2-diol l-1, depending on the substrate (R-(+)-limonene, S-(–)-
limonene or citrus terpene, an agro-industrial by-product). This is among the highest 
concentrations already reported for this product. 
Conclusions 
As far as we know, this was the first report on the biotransformation of these terpenes 
by the Colletotrichum genusand the biotransformation of limonene to limonene-1,2-diol 
possibly involves enzymes similar to those found in Grosmannia clavigera. 
 
Keywords 
Bioconversion; Bioinformatics; Colletotrichum acutatum; Colletotrichum nymphaeae; 
Limonene; Linalool; Orange peel oil. 
 
Introduction 
Terpenes are substances composed of isoprene units and are the largest 
groups of natural compounds.  From an economic point of view, terpenes are 
interesting due to their wide occurrence, some of them presenting high availability and 
low price. For instance, R-(+)-limonene (the main component (>90%) of orange oil) 
and the bicyclic monoterpenes α- and β-pinenes (the main constituents of turpentine) 
have an availability estimated in 30,000 and 330,000 tons per year, respectively. 
Therefore, many studies were carried out focusing on the microbial 
biooxyfunctionalization of such monoterpenes in order to add value to these 
agroindustrial by-products (Felipe et al. 2017). 
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One of the main challenges involving the biotranformation of terpenes concerns 
their toxicity towards microorganisms. Therefore, one of the first steps to get an 
efficient process involves finding a suitable strain for it. Studies on the 
biostransformation of terpenes have been conducted using spoilage or 
phytopathogenic fungi, as these microorganisms are presumably better adapted to 
these compounds (resistance and use as sole carbon source) (Molina et al. 2015; 
Velasco-Bucheli et al. 2015). The Colletotrichum acutatum and C. nymphaeae species 
exhibit considerable genotypic and phenotypic diversity and are responsible for 
economically significant losses of temperate, subtropical, and tropical crops, such as 
citrus and strawberry, for example (Damm et al. 2010). Thus, considering the above 
mentioned, the main objective of this research was to investigate the potential 
biocatalysts of C. acutatum and C. nymphaeae to monoterpene biotransformation, 
particularly limonene, α-pinene, and linalool. 
 
Materials and methods 
Microorganisms and chemicals 
The strains C. acutatum TQ058A and C. nymphaeae CBMAI 0864 was gently 
supplied by Fundecitrus (www.fundecitrus.com.br) and the Brazilian Collection of 
Environmental and Industrial Microorganisms 
(www.cpqba.unicamp.br/colecoes/cbmai.html), respectively. 
The terpene standards were purchased from Sigma-Aldrich. Citrus terpene 
(produced from orange peel by the distillation process, 97% R-(+)-limonene in GC), 
gently supplied by Cocamar® (www.cocamar.com.br), was also used in this study. All 
other chemicals and solvents were of analytical grade. 
 
Use of terpenes as sole carbon source 
A loopful of each strain was seeded in a Petri dish containing (in g.l-1) NH4Cl 
(1.0), K2HPO4 (0.5), MgSO4.7H2O (0.02) and agar (17). The dishes were inverted and 
100 µl of the tested terpene substrate was added inside the lid, following an incubation 
period (upside down) at 30 °C/72 h to monitor fungal growth (Chang and Oriel 1994). 
A control experiment with no terpene addition was also performed. 
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Biotransformation procedure 
The fungal biomass to be used as inoculum in the biotransformation process 
was grown according to a previously reported procedure (Molina et al. 2015; 
Supplementary information). The resulting biomass (0.31±0.01 and 0.32±0.02 mg dry 
mass for C. acutatum and C. nymphaeae, respectively) was recovered by vacuum 
filtration and, subsequently, it was resuspended in 50 ml phosphate buffer 20 µmol.l-1 
(pH 7.0) supplemented with 5 g terpene substrate l-1 at 0, 48, and 96 hours (Molina et 
al. 2015). Two control experiments were carried out: an “abiotic biotransformation” with 
autoclaved biomass replacing the active biomass and a fermentation process with no 
terpene addition. All experiments were performed in triplicates. 
 
Extraction, identification, and quantification of biotransformation products 
Samples were extracted with ethyl acetate and the extract was further analyzed 
by GC-FID and GC-MS, as previously reported (Molina et al. 2015; Supplementary 
information). 
 
In silico search in Colletotrichum genomes for enzymes involved in the 
biotransformation of limonene into limonene 1,2-diol 
C. nymphaeae protein sequences were directly downloaded from GenBank (Acc 
No JEMN01000491), while C. acutatum genomic sequences (Acc No LUXP00000000) 
were used to predict its protein sequences by using the software AUGUSTUS (Stanke 
et al. 2008). The two sets of proteins were submitted to KEGG functional annotation 
by the KAAS tool (Moriya et al. 2007). Additionally, both protein sets were also locally 
searched against selected enzymes of interest by BLASTp algorithm. Sequence 
alignments were carried out by ClustalX (Larkin et al. 2007) and Jalview (Waterhouse 
et al. 2009). 
 
Results and discussion 
Use of terpenes as sole carbon source 
In this study, both Colletotrichum species used all the tested terpenes as the 
sole carbon and energy source, except carvone for C. nymphaeae (Table 1). 
Therefore, C. acutatum and C. nymphaeae were considered as potential terpene 
biotransforming agents, eventually accumulating interesting compounds. For this 
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reason, they were tested in the biotransformation procedure to check if a reasonable 
product concentration (>1 g.l-1) could be found. 
 
Table 1 Use of terpenes as the sole carbon and energy sources in Petri dish (30°C for 
72 hours) and main products accumulated after 192 hours of biotransformation (30°C 
and 150 rpm) by C. acutatum and C. nymphaeae. 
 C. acutatum C. nymphaeae 
Substrate Growth* Products¥ Abiotic§ Growth* Products¥ Abiotic§ 
R-(+)-
limonene 
+ lim-1,2-diol (2.99±025) 
cis-lim 1,2-epox (tr) 
trans-lim 1,2-epox (tr) 
n.d. 
n.d. 
n.d. 
+ lim-1,2-diol (4.01±0.20) 
cis-lim 1,2-epox (tr) 
trans-lim 1,2-epox (tr) 
n.d. 
n.d. 
n.d. 
S-(-)-
limonene 
+ lim-1,2-diol (3.08±0.26) 
cis-lim 1,2-epox (tr) 
trans-lim 1,2-epox (tr) 
n.d. 
n.d. 
n.d. 
+ lim-1,2-diol (4.06±0.16) 
cis-lim 1,2-epox (tr) 
trans-lim 1,2-epox (tr) 
n.d. 
n.d. 
n.d. 
α-pinene +  
unidentified 1 (tr) 
 
 
unidentified 2 (tr) 
 
tr 
 
 
tr 
+ campholenic aldehyde (tr) 
unidentified 1 (0.02±0.003) 
pinanone (tr) 
verbenone (0.04±0.002) 
unidentified 2 (0.08±0.004) 
n.d. 
tr 
n.d. 
n.d. 
tr 
-pinene + n.d. n.d. + n.d. n.d. 
Citronellol + n.d. n.d. + n.d. n.d. 
Linalool + trans-lin oxi furan (0.03±0.003) 
cis-lin oxi furan (0.04±0.007) 
trans-lin oxi pyran (tr) 
cis-lin oxi pyran (tr) 
tr 
tr 
n.d. 
n.d. 
+ trans-lin oxi furan (0.04±0.005) 
cis-lin oxi furan (0.05±0.003) 
trans-lin oxi pyran (tr) 
cis-lin oxi pyran (tr) 
tr 
tr 
n.d. 
n.d. 
Geraniol + n.d. n.d. + n.d. n.d. 
Farnesene + n.d. n.d. + n.d. n.d. 
Perillyl 
alcohol 
+ n.d. n.d. + n.d. n.d. 
Carveol + n.d. n.d. + n.d. n.d. 
Carvone + n.d. n.d. – n.d. n.d. 
Control# – n.d. n.d. – n.d. n.d. 
* Use as the sole carbon and energy sources: + growth, – absence of growth. 
¥ Products accumulated after biotransformation. lim-1,2-diol = limonene-1,2-diol; cis-
lim 1,2-epox = cis-limonene-1,2-epoxide; trans-lim 1,2-epox = trans-limonene-1,2-
epoxide; trans-lin oxi furan = trans-linalool oxide furanoid; cis-lin oxi furan = cis-linalool 
oxide furanoid; trans-lin oxi pyran = trans-linalool oxide pyranoid; cis-lin oxi pyran = 
cis-linalool oxide pyranoid. Numbers in parentheses are the products concentrations 
(g.l-1); tr = trace amounts (concentration higher than the detection limit, but lower than 
the quantification limit); n.d. = not detected (concentration lower than the limit of 
detection). 
# Control with no terpene addition. 
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§ Compounds detected for abiotic control (with the heat-inactivated microorganism). 
Numbers in parentheses are the products concentrations (g.l-1); tr = trace amounts 
(concentration higher than the limit of detection, but lower than the limit of 
quantification); n.d. = not detected (concentration lower than the limit of detection). 
 
Biotransformation of R-(+)- and S-(‒)-limonene 
The two strains showed ability to biotransform limonene and to accumulate 
limonene-1,2-diol as main metabolite, using both R-(+)-limonene or S-(-)-limonene as 
substrate (Table 1). Cis- and trans-limonene-1,2-epoxide was also detected. 
Limonene-1,2-diol (8-p-menthene-1,2-diol) is a colorless to slightly yellow oily liquid, 
with a cool minty aroma. It is often used as flavoring in puddings beverages, chewing 
gum, gelatin, puddings, and hard candy (Molina et al. 2015). The biotransformation 
process using the limonene-1,2-epoxide enantiomers as substrates showed that, in 
both cases, limonene-1,2-diol was produced for the two strains (data not shown). 
However, when (1S,2S,4R)-limonene-1,2-diol was the substrate, we found no 
compounds in the extract. This information supports the hypothesis that both strains 
present a pathway of converting limonene to limonene-1,2-diol via limonene-1,2-
epoxide. In the case of Rhodococcus erythropolis, for example, such pathway starts 
with an attack to the 1,2 double bond of limonene by an FAD- and NADH-dependent 
monooxygenase. Subsequently, a very active limonene-1,2-epoxide hydrolase 
catalyzes the hydrolysis of limonene-1,2-epoxide to limonene-1,2-diol (van der Werf et 
al. 1999). This fact may explain why we did not find any considerable accumulation of 
the epoxides (Table 1). In the case of Rhodococcus erythropolis, the limonene-1,2-
epoxide hydrolase activity was 170 times greater than the limonene-1,2-
monooxygenase activity in the limonene degradation processes (van der Werf et al. 
1999). 
However, in both species, KEGG functional annotation did not find any 
Colletotrichum’s protein associated with the aforementioned enzymatic activities 
characteristic of R. erythropolis (EC 1.14.13.107 and EC 3.3.2.8) (Supplementary 
Tables 2 and 3). The only enzymes described for this specific biotransformation in fungi 
thus far are those pointed by Wang et al. (2014) in the fungus Grosmannia clavigera: 
a FAD-binding monooxygenase (Acc No F0X7A8) and an epoxide hydrolase (Acc No 
F0X7A7). By means of BLASTp searches, we found protein sequences in both C. 
acutatum and C. nymphaeae genomes displaying significant (e-value < -49) identities 
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with those described in G. clavigera (Supplementary Table 1 and Supplementary 
Figures 1 and 2). Therefore, the conversion of limonene into limonene-1,2-diol 
observed in C. acutatum and C. nymphaeae might possibly be performed by enzymes 
similar to the fungus G. clavigera. However, this hypothesis requires experimental 
validation of these novel enzymes to be corroborated. 
To evaluate the kinetics of limonene-1,2-diol production by these two strains, we 
performed a controlled biotransformation process using different substrate sources (R-
(+)- and S-(-)-limonene and citrus terpene) (Fig. 1). It was evidenced that C. acutatum 
accumulated up to 2.99 g limonene-1,2-diol l-1 after 192 hours of biotransformation with 
no further significant increase in the product’s concentration when R-(+)-limonene was 
used as substrate. A similar profile was observed when the substrate was the S-(–) 
isomer. As for C. nymphaeae, higher amounts of limonene-1,2-diol were produced: 
4.06 g.l-1 was accumulated after 192 hours, with an almost identical kinetic for both R-
(+)- or S-(–)-limonene. Even under non-optimized conditions, these concentrations are 
considerably high and near the maximal concentration recently described for the 
biotransformation of S-(–)-limonene to limonene-1,2-diol by Fusarium oxysporum, i.e. 
of 3.7 g.l-1 (Molina et al. 2015). 
 
 
 
 
 
 
 
 
 
Fig. 1 Production of limonene-1,2-diol from biotransformation of R-(+)-limonene (●), S-
(-)-limonene (○) and citrus terpene (▲) by C. acutatum (a) and C. nymphaeae (b) 
previously grown in YM broth. 
 
As a relatively inexpensive source of R-(+)-limonene, citrus terpene might be 
used to replace this substrate in biotechnological processes for the production of 
higher quality and value-added compounds ( Maróstica Jr and Pastore 2007). In the 
present study, using citrus terpene instead of R-(+)-limonene, C. acutatum 
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accumulated 1.54 g limonene-1,2-diol l-1 after 192 hours of biotransformation, with no 
further increase in concentration. As for C. nymphaeae, the production of limonene-
1,2-diol followed a similar profile to that observed for standard substrates, but with 
concentrations 18% lower: 3.34 g.l-1 was obtained after 192 hours of biotransformation, 
with no significant increase for longer periods. 
The use of citrus by-products to replace standard limonene has also been 
considered by other authors for the biotransformation of R-(+)-limonene to R-(+)-α-
terpineol by F. oxysporum. In such case, less than 500 mg.l-1 of product accumulation 
was noticed (Maróstica Jr and Pastore 2007). 
 
Biotransformation of α-pinene 
The two isolated strains were also investigated for their capacity to biotransform 
α-pinene in liquid culture. C. nymphaeae was the only strain capable of converting α-
pinene. The products identified for this process were campholenic aldehyde, pinanone, 
and verbenone, besides two unknown products (Table 1). However, some of these 
products were also found in abiotic experiments, although in lower amounts, and their 
concentrations were not sufficient to justify a kinetic study. This might be explained by 
the fact that, in aqueous phase, α-pinene oxide is unstable and its disappearance is 
accompanied by the appearance of decomposition of others products (Kajihara et al. 
2000). 
 
Biotransformation of linalool 
The use of linalool in biotransformation experiments demonstrated that the two 
strains were able to use this substrate and accumulate oxidized compounds, i.e. 
linalool oxides (Table 1). These compounds were not found or were present in much 
lower concentration in the abiotic control, suggesting that the microorganisms were 
responsible for such conversions. As observed for α-pinene, the concentrations 
obtained were considered too low to justify a kinetic study. 
The accumulated products supports the hypothesis that both strains present the 
pathway for linalool degradation already described for other fungi (Bock et al. 1986; 
Demyttenaere and Willemen 1998), which generates furanoid and pyranoid linalool 
oxides via 6,7-epoxy-linalool (Fig. 2) – the key intermediate in this fungal bioconversion 
(Mirata et al. 2008).  
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Fig. 2 Proposed metabolic pathway of linalool degradation by C. acutatum and C. 
nymphaeae. 
 
Curiously, the biotransformation of both limonene and linalool by C. acutatum or 
C. nymphaeae proceeded via an epoxy intermediate. In a recent study, the authors 
observed that the degradation of trans-anetol by C. acutatum follows an epoxide-diol 
pathway starting from the formation of anethole-epoxide (Velasco-Bucheli et al. 2015). 
These observations suggest that these microorganisms may present an epoxidase 
with broad substrate specificity. 
 
Biotransformation of other terpenes 
No products were detected for the biotransformation of the hydrocarbons β-
pinene and farnesene or the oxygenated monoterpenoids citronellol, geraniol, carveol, 
perillyl alcohol or carvone (Table 1). Since both Colletotrichum species tested were 
able to grow on these substrate (except carvone for C. nymphaeae), the absence of 
product accumulation suggest that they are completely metabolized in these fungi. 
 
Conclusions 
As far as we know, this was the first report of a limonene, α-pinene, or linalool 
biotransformation by the Colletotrichum genus. The concentrations of limonene-1,2-
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diol obtained from limonene, i.e., 4.06 and 3.08 g.l-1 for C. nymphaeae and C. 
acutatum, respectively, were considered high and, therefore, these microorganisms 
may be a good platform for the biotechnological production of such compound. A by-
product from citrus industry (citrus terpene) may also be used as an alternative source 
of limonene for the production of limonene-1,2-diol with reasonable yields, i.e., 18% 
lower, in case of C. nymphaeae, comparing to the conventional substrate. Studies for 
the characterization of the enzyme system, production optimization, recovery, and 
application of the product are encouraged and some are already in progress in our 
group. 
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Supporting information 
 
Supplementary information — Additional methods. Biomass growth and extraction, 
identification, and quantification of biotransformation products. 
 
Biomass growth 
For biomass production, a piece of agar (~1.5 cm2) with the pre-grown culture 
(30°C for 72 hours) in yeast and malt (YM) agar (in g.l-1: glucose = 10; peptone = 5; 
yeast extract = 3; malt extract = 3; agar = 20, pH ~ 6.7) was transferred to a 125 ml 
conical flask filled with 50 ml of YM Broth (consisting of the same materials mentioned 
above without the agar). The material was homogenized under sterile conditions with 
an Ultra-Turrax® T18 (Ika, Wilmington, NC, USA) until complete disruption of the solid 
matter. After incubation at 30°C and 150 rpm for 72 hours, the biomass was recovered 
by vacuum filtration using a Buchner funnel and paper filter Whatman #1. 
 
Extraction, identification, and quantification of biotransformation products 
Samples were extracted (40 s in vortex) using the same volume of ethyl acetate. 
After phase separation, the organic fraction was dried over sodium sulphate and 1 µl 
of this phase was injected into a gas chromatograph with a flame ionization detector 
(GC–FID) HP-7890 (Agilent Technologies, Santa Clara, CA, USA) coupled to an HP-
5 column (30 m length × 0.25 mm i.d. × 0.25 µm film thickness) operating at split mode 
(split ratio of 1:10). Helium was used as the carrier gas (1.0 ml.min-1), and the oven 
temperature was kept at 80°C for 3 min, raised at 20°C.min-1 until 200°C and held for 
4 min. The temperatures of the injector and detector were kept at 250°C. Substrates 
and products were quantified by a calibration curve (done on phosphate buffer with 
autoclaved biomass to consider the matrix effect) using n-decane as internal standard. 
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Volatile compounds were identified by a GC-MS system with a gas 
chromatograph HP-7890 coupled to a mass spectrometer HP-5975C (Agilent 
Technologies, Santa Clara, CA, USA). A column HP-5MS with 30 m of length x 0.25 
mm i.d. x 0.25 µm of film thickness was used to separate the volatile components. 
Helium was used as carrier gas at constant flow rate of 1.0 ml.min-1. The programming 
of the gas chromatograph oven temperature was the same as mentioned above. The 
mass spectrometer transfer line was set at a temperature of 250°C, impact energy of 
70 +eV, and a mass range 50-500 m/z. The compounds were identified by comparing 
the spectra with the NIST library over 90% similarity, and comparison with commercial 
standard. 
 
Material suplementar disponível em: 
https://doi.org/10.1007/s10529-017-2503-2 
 
Supplementary Table 1 — BLASTp output of reference enzymes from Grosmannia 
clavigera against Colletotrichum acutatum and Colletotrichum nymphaeae protein 
sets. 
 
Supplementary Table 2 — Colletotrichum nymphaeae enzymes - KAAS annotation. 
 
Supplementary Table 3 — Colletotrichum acutatum enzymes - KAAS annotation. 
 
Supplementary Fig. 1 — Sequence alignment of the epoxyde hydrolase candidate 
proteins from C. acutatum and C. nymphaeae (KXH64709.1) along with the previously 
described epoxide hydrolase from G. clavigera (F0X7A7). 
 
Supplementary Fig. 2 — Sequence alignment of the FAD-binding monooxygenase 
candidate proteins from C. acutatum and C. nymphaeae (KXH59233.1) along with the 
previously described FAD-binding monooxygenase from G. clavigera (F0X7A8).
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Abstract 
Before reaching a commercial scale, a biotechnological process must be well 
characterized in terms of process conditions. Thus, this study aimed to investigate the 
culture conditions on the limonene biotransformation to limonene-1,2-diol by 
Colletotrichum nymphaeae. The results revealed that this bioprocess was aerobic, 
suggesting that aeration is important parameter to be considered in larger scales 
(bioreactors). Moreover, a single feeding of R-(+)-limonene (15 g.L-1) at the start of the 
biotransformation resulted in the highest concentration (4.19 g.L-1) and yield (27.9%, 
w.w-1) of limonene-1,2-diol, indicating that fed-batch operation was not a good choice. 
In terms of inoculum age, 72 hours-old biomass performed better when compared to 
24 or 48 hours-old inoculums. Induction test suggested that this biotransformation is 
carried out by non-inducible enzymes. Three successive freeze-thawing processes did 
not present any observable change in the production, indicating that the biomass could 
be stored frozen. It was also evidenced that the use of resting cells was as efficient as 
growing cells, and, therefore, biomass recovery/resuspension was unnecessary. 
Although feasible, the biotransformation in an aqueous-hexadecane biphasic system 
was not indicated for this process, since lower concentration of diol was obtained. 
These results are very important to guide scale-up studies of this biotransformation 
process. 
Keywords 
Aroma; biphasic system; fungi; induction; scale-up; terpene. 
 
1. Introduction 
Terpene biotransformation may be regarded as a biotechnological process 
aligned to the three pillars of sustainable development, i.e., its economic, social and 
environmental features [1]. Some of the advantages related to this bioprocess include 
the use of by-products as raw materials, the mild reaction conditions, the high regio- 
and stereoselectivity, and the generation of products that might have a “natural” label 
[2]. Products obtained from this process have applications to various fields, such as 
food, pharmaceutical, cosmetics, materials, and fuels, which makes terpene 
biotechnology a flourishing science with many recent achievements [3]. 
Limonene, for instance, is one of the main substrates employed in terpene 
biotransformations [3,4]. R-(+)-Limonene is the main constituent of citrus oil, an agro-
industrial by-product with a yearly production of 30,000 tons [5]. One of its 
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biotransformation products, limonene-1,2-diol, has a significant inhibitory effect on the 
proinflammatory activities of CD4+ and CD8+ T lymphocytes [6], potential anticancer 
activity [7,8], may be used as flavoring of beverages, chewing gum, gelatins and 
puddings [9], and  also presents insect-attractant properties [10]. The conversion of 
limonene to limonene-1,2-diol may also economically attractive. To have an idea, this 
product is marketed for US$ 11,500/kg (www.molbase.com), while the substrate costs 
US$ 34/L [1]. 
So far, the biotransformation of limonene to its corresponding 1,2-diol has been 
described for Gibberella cyanea, Diplodia gossypina, Corynespora cassiicola [11], 
Phomopsis sp. [12], Fusarium oxysporum [13], Cladosporium species [14] and 
Aspergillus cellulosae [15] resulting in concentrations varying from 1.5 to 13.9 g.L-1. To 
better understand and to optimize a biotransformation process, it is first essential to 
characterize its parameters, including the oxygen requirement, resistance to substrate 
toxicity, inoculum age, enzyme induction, among others [13,16,17]. Regarding terpene 
biotransformation, the use of biphasic (aqueous-organic) media may be a convenient 
approach, since this system can protect the microbial cells from the toxic effect of 
terpenes, as well as reducing volatilization (loss of substrate end product), and possibly 
increasing yields [18]. In summary, understanding some properties of the biocatalyst 
and its relation with the surrounding environment may help to achieve greater 
productions just by adjusting some process conditions, besides providing 
fundamentals for studies on scale-up and product recovery. 
Considering that one of the main challenges involving the biotransformation of 
terpenes is related to their toxicity towards biological systems, the use of 
phytopathogens in these processes may be a good choice, since such microorganisms 
are presumably more resistant to terpenes [19]. In this context, preliminary studies 
from our group have shown that the phytopathogenic fungi Colletotrichum nymphaeae 
CBMAI 0864 was able to biotransform R-(+)-limonene to limonene-1,2-diol, reaching 
4.01 g.L-1 under non characterized process conditions [19]. However, the 
characteristics of such process have not been elucidated. Therefore, the main 
objective of this work was to characterize this biotransformation in terms of oxygen 
requirement, substrate feeding regimen, inoculum age and cell inducibility, as well as 
analyzing the influence of biomass freezing and the use of biphasic medium in the 
production of limonene-1,2-diol by the biotransformation of R-(+)-limonene by C. 
nymphaeae. 
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2. Materials and methods 
2.1. Micro-organisms and chemicals 
The micro-organism C. nymphaeae strain CBMAI 0864 was donated by the 
Brazilian Collection of Environmental and Industrial Microorganisms 
(www.cpqba.unicamp.br/colecoes/cbmai.html) (Unicamp, Paulínia, SP, Brazil). n-
Decane, hexadecane and R-(+)-limonene, (99% purity) were acquired from Sigma-
Aldrich (www.sigmaaldrich.com) and all and solvents presented analytical grade. 
 
2.2. Inoculum production and biotransformation procedure 
For biomass production, a piece of agar (~1.5 cm2) containing a pre-grown 
culture (30 °C for 72 h) in yeast and malt (YM) agar (10 g.L-1 glucose =; 5 g.L-1 peptone; 
3 g.L-1 yeast extract; 3 g.L-1 malt extract; 20 g.L-1 agar, pH ~ 6.7) was transferred to a 
125-mL Erlenmeyer filled with 50 mL of YM Broth (the same medium described above, 
without agar addition). The material was homogenized under sterile conditions with an 
Ultra-Turrax® T18 (Ika, Wilmington, NC, USA) until complete disruption of the solid 
matter. After incubation for 72 h at 150 rpm an 30 °C, the biomass was recovered by 
vacuum filtration using a Buchner funnel and paper filter Whatman #1. During biomass 
production, the dry mass was monitored by gravimetry and glucose was quantified by 
employing the dinitrosalicylic acid (DNS) method [20]. 
The biomass obtained as described above (0.33 g dry weight) was recovered 
ad resuspended (under aseptic conditions) in 50 mL of phosphate buffer pH 7.0 20 
µmol.L-1 (resting cells, final concentration of 6.6 g.L-1 dry weight) supplemented with 
20 g.L-1 R-(+)-limonene. The biotransformation was carried out, in triplicate, at 30 °C 
and 150 rpm [21]. Every 48 hours samples were collected to detect and quantify the 
products formed (section 2.8). Alternatively, an assay was carried out without filtering 
and resuspending the biomass in buffer after its growth (resting cells). Instead, the 
substrate was added to the growth medium after 72 h (biotransformation with growing 
cells), keeping all the other biotransformation conditions the same. 
Since the biomass suspension is highly heterogeneous and limonene is poorly 
soluble in aqueous systems, medium sampling should be carefully done. This means 
that the flasks should be manually mixed for 10 s before getting a sample (at least 1 
mL) as representative as possible (e.g. minimal phase separation). Considering this 
procedure, our abiotic experiment showed an average standard deviation of 1 g.L-1 
considering four independent replicates (different flasks). 
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Control experiments carried out with heat-inactivated (autoclaved) biomass 
revealed no autooxidation products when limonene was used as substrate, while only 
trace amounts of limonene-1,2-diol were generated in case of limonene-1,2-epoxide 
was used as substrate at an initial concentration of 0.5 g.L-1. 
 
2.3. Fed batch biotransformation  
To evaluate the influence of sequential substrate feeding, the biotransformation 
was carried out employing single feeding and fed-batch techniques. Thus, after 
resuspending the biomass to get resting cells (section 2.2), four substrate feeding 
schemes were applied: (i) 20 g.L-1 at time 0 h (single feeding); (ii) 15 g.L-1 at time 0h 
(single feeding); (iii) 10 g.L-1 at time 0 h and 10 g.L-1 at 96 h (fed-batch); (iv) 5 g.L-1 at 
time 0h, 5 g.L-1 at 48 h and 5 g.L-1 at 96 h (fed-batch) [22]. Except for limonene feeding, 
the same biotransformation conditions described in section 2.2 were used. 
 
2.4. Biotransformation in anaerobiose 
To run the biotransformation in anaerobic condition, the resuspended biomass 
(resting cells; see section 2.2) was transferred to a conical flask with two inlets (one at 
the base and another at the neck) plugged with a rubber stopper. Before starting the 
biotransformation and after each sampling, the medium was flushed (N2 bubbling for 5 
min) from the base inlet to remove the oxygen from the system [23]. The other process 
conditions may be seen in section 2.2. 
 
2.5. Influence of biomass induction and inoculum age 
For testing the effect of different inoculum ages, independent biotransformations 
were carried out with resting cells (biomasses recovered and resuspended after 
growing, according to the conditions indicated in section 2.2) at three different times: 
24 h (mid log phase), 48 h (late log/early stationary phase), and 72 h (stationary 
phase). For the biomass induction test, the experiment was repeated including an 
addition of 2 g.L-1 of R-(+)-limonene after achieving 2/3 of the biomass growth time, 
i.e., at 16, 32, and 48 h before recovering the biomasses grown for 24, 48, and 72 h, 
respectively (based on [24]). The conditions for biomass recovery and 
biotransformation may be seen in section 2.2. 
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2.6. Influence of biomass freezing 
The influence of freeze–thawing process on the biotransformation performance 
was evaluated by treating the biomass obtained (section 2.2) as follows: (i) a single 
freeze-thawing process and (ii) three successive cycles of freeze-thawing. A freeze-
thawing cycle considered freezing the biomass recovered by filtration (section 2.2) for 
4 h followed by thawing for 30 min at 30°C [16]. The treated biomasses were 
resuspended (resting cells) and used in biotransformation procedures, under the same 
conditions as described in section 2.2. 
 
2.7. Biotransformation in biphasic medium 
For the biphasic biotransformation system, the biomass produced following the 
protocol described in section 2.2 (0.33 g dry weight) was resuspended in a 125-mL 
Erlenmeyer filled with 40 mL of aqueous phase (consisting of phosphate buffer 20 
µmol.L-1 pH 7.0) (resting cells) and 10 mL of organic phase (hexadecane). To this 
mixture, 2 g of R-(+)-limonene was added to reach a concentration of 50 g.L–1 based 
on the aqueous phase [13,25]. The other process conditions may be found in section 
2.2. Every 48 hours samples of the aqueous and organic phases were collected for 
monitoring substrate consumption and limonene-1,2-diol production. The aqueous 
phase was extracted (according to section 2.8) before being analyzed, while the 
organic phase could be directly injected into the gas chromatograph. 
 
2.8. Analytical conditions 
Ethyl acetate (1:1, v:v) was used to extract (vortex for 40 s) the products in the 
broth. The organic layer was collected, dried with a pinch of Na2SO4 and injected (1 
µL, split mode 1:10) into a HP-7890 gas chromatograph (Agilent Technologies) (GC–
FID) using a HP-5 column (30 m x 0.25 mm, 0.25 µm film thickness) and a flame 
ionization detector. The carrier gas (1.0 x 10-3 L.min–1) was helium, and the oven 
temperature presented the following program: 80 °C for 3 min, heating up to 200 °C at 
a rate of 20 °C min–1, and 200°C  for more 4 min. A temperature of 250 °C was used 
for both the injector and detector [16]. The quantification of substrate and products was 
done using internal calibration (n-decane as internal standard) prepared with known 
concentrations of R-(+)-limonene in heat-inactivated (autoclaved) biomass 
resuspended in phosphate buffer (6.6 g.L-1 dry weight), to consider the matrix effect. 
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Volatile compounds were identified using a HP-7890 gas chromatograph, a HP-
5975C mass spectrometer detector (Agilent Technologies) and a HP-5MS column 
(same dimensions as described above). The mass spectrometer transfer line was kept 
at 250 °C. The impact energy was 70 eV and the mass-to-charge ratio (m/z) was in the 
range of 50-500. The other analytical conditions (carrier gas, flow rate, oven and 
injector temperatures) were the same as above. The compounds were identified 
through the comparison of the obtained mass NIST library or with the mass spectra of 
commercial standards, considering 90% similarity. 
 
2.9. Statistical analysis 
Three independent assays were run for each experiment. The software 
Statistica® 10 (www.statsoft.com) was used to run the analysis of variance (ANOVA) 
and multiple comparison test (Tukey) with a significance level of 5%. 
 
3. Results and discussion 
3.1. Biotransformation in anaerobiose 
We did not detect any products in the biotransformation under anaerobic 
conditions. This is corroborated by the characteristics of the limonene degradation 
pathway via limonene-1,2-diol, which is oxygen-dependent [13,26]. In Rhodococcus 
erythropolis, this pathway begins with the action of a FAD- and NADH-dependent 
limonene-1,2-monooxygenase, which oxidizes limonene to form limonene-1,2-
epoxide, following its conversion to the corresponding diol by a cofactor-independent 
epoxide hydrolase [27]. However, although minor amounts of limonene epoxide were 
detected in the aerobic process, our previous study suggested that these enzymes 
were not present in Colletotrichum genomes [19]; instead, there were protein 
sequences in C. nymphaeae genome displaying significant (e-value <-49) identity with 
a FAD-binding monooxygenase (Acc No F0X7A8) and an epoxide hydrolase (Acc No 
F0X7A7) described in Grosmannia clavigera [28], indicating that both fungi may have 
a similar limonene biotransformation pathway (Fig. 1). The dependency on cofactors 
in the present process was also reinforced by the absence of products when the 
biotransformation was carried out with crude enzymatic extract obtained according to 
the method proposed by Molina et al. [13] (data not shown). 
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Fig. 1. Example of a chromatogram of limonene biotransformation by C. nymphaeae 
(A). Proposed metabolic pathway of limonene degradation reported for Grosmannia 
clavigera [28], which is supposedly the same for C. nymphaeae (B). 
 
Analogous to the results presented here, the strain Fusarium oxysporum 152B 
showed an aerobic and cofactor-dependent biotransformation of S-(‒)-limonene to 
limonene-1,2-diol [13], whereas the biotransformation of R-(+)-limonene to α-terpineol 
by this strain was anaerobic and cofactor-independent [23]. In the case of 
Pseudomonas fluorescens NCIMB 11671, two pathways were observed for R-(+)-
limonene: one aerobic and cofactor-dependent producing limonene-1,2-diol and a 
second, anaerobic and cofactor-independent, producing α-terpineol [26]. 
 
3.2. Fed batch biotransformation 
The use of feeding strategies aims at obtaining higher yields and productivities 
in bioprocesses, being considered a more proper technique when applying terpenes 
with toxic effects, using addition of substrate in successive steps, for example, on the 
microbial strain used [29]. Table 1 presents the effects of different feeding regimens 
on the parameters of limonene-1,2-diol production by C. nymphaeae. As may be 
observed, regardless of the feeding strategy adopted, the highest limonene-1,2-diol 
concentration was achieved at 192 hours (Supplementary figure 1). After this period, 
the concentrations of limonene-1,2-diol were in the range of 4.11-4.19 g.L-1, with no 
statistical differences among them, except for the fed-batch strategy with three 
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sequential feedings of 5 g.L-1, which presented significant lower (c.a. 8%) limonene-
1,2-diol production. No statistical differences were evidenced for productivity, but in 
terms of yield, the highest value (27.9±1.0%) was obtained for the single feed of 15 
g.L-1, while the others did not differ statistically. Therefore, we considered single 
substrate addition of 15 g.L-1 as the most adequate for this process. A fed-batch system 
would not be able to improve the biotransformation parameters. Other authors have 
reported that the use of fed-batch increased the yield in the terpenes biotransformation, 
such as observed for the α-terpineol production via limonene (1 g.L-1 of total substrate 
concentration) biotransformation by Penicillium digitatum [22]. Other authors have 
successfully used a sequential substrate feeding, together with a closed gas loop 
bioreactor, to overcome substrate toxicity and to increase yield of monoterpene 
biotransformations using Penicillium digitatum DSM 62840 [30]. 
 
Table 1 
Production of limonene-1,2-diol with different R-(+)-limonene feeding regimens using 
C. nymphaeae previously grown in YM broth for 72 hours, according to Fig. S1. Values 
are presented as average ± standard deviation. Different letters indicate statistically 
significant difference (p < 0.05). 
Substrate TM 2 Lim-diol 3 Lim remaining 4 Yp/s 5 Prp 6 
feeding 1 (h) (g.L-1) (g.L-1) (%) (mg.L-1.h-1) 
20(0) 192 4.15±0.14 a 2.99±0.160 a 24.4±1.1 b 21.6±0.7 a 
15(0) 192 4.19±0.16 a 0.01±0.004 c 27.9±1.0 a 21.8±0.8 a 
10(0) 10(96) 192 4.11±0.13 a 2.35±0.200 b 23.3±0.8 b 21.4±0.7 a 
5(0) 5(48) 5(96) 192 3.82±0.13 b 0.01±0.001 c 25.5±0.9 b 19.9±0.7 a 
1 Substrate concentration (g.L-1) in bold and the moment of substrate feeding (hours) 
in brackets. 
2 Time for achieving the maximal limonene-1,2-diol concentration; 
3 Maximal limonene-1,2-diol concentration (after 192 h); 
4 Limonene concentration remaining in the medium (after 192 h); 
5 Yield of limonene-1,2-diol per substrate consumed (%, w.w-1); 
6 Productivity of limonene-1,2-diol. 
 
It is known that part of limonene might be partially metabolized to CO2, since 
this pathway for limonene (Fig. 1) is reported as an energy producing route [26]. 
However, we believe that this is not significant in the present process. Firstly, the 
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biotransformation of limonene-1,2-diol has not presented any products (data not 
shown). Secondly, limonene loss by volatilization was reasonably high (there is 4.6 ± 
1.3 g.L-1 left after 192 h when using an initial concentration of 20 g.L-1) and, therefore, 
yield of limonene-1,2-diol in terms of actually consumed substrate is close to 100%. 
 
3.3. Influence of induction and inoculum age 
The limonene-1,2-diol production kinetics using C. nymphaeae biomass with 
three different ages (24, 48 and 72 hours) is presented in Fig. 2. This figure also 
indicates the effect of biomass induction, i.e., involving the addition of limonene in the 
stage of biomass production. There were no statistical differences in productivity and 
in the maximal limone-1,2-diol concentration when using induced 72 h-old biomass or 
non-induced biomass of 72 or 48 h-old (Supplementary table 1). The 48 h-old induced 
biomass presented statistically lower production and productivity of limonene1,2-diol 
when comparing to the former experiments. As for the 24 h-old non-induced biomass, 
both maximal limonene-1,2-diol concentration and productivity were about half of the 
observed for 72 h-old or 48 h-old non-induced biomass, but approximately two times 
higher than the values obtained for 24 h-old induced biomass (Supplementary table 1). 
However, as the biomass dry weight doubled between 24 h (3.3 g.L-1) and 48 h of 
growth (~6.4 g.L-1) and remained constant in the following 24 hours of growth (~6.4 
g.L-1 after 72 h) (Fig. 2), the yield of diol per biomass (YP/X) has not shown statistical 
differences among the experiments with non-induced biomass (Supplementary table 
1). 
In all cases, biomass induction did not result in increased limonene-1,2-diol 
production – in fact, as mentioned earlier, the production profile was equal or lower 
when compared to the non-induced biomass, indicating possible toxic effects of 
limonene during biomass growth. The toxicity of terpenes, in particular limonene, is 
known and some microorganisms have mechanisms to adapt to and resist solvents 
and terpenes in general [3]. However, early contact with the terpene, without the proper 
formation of biomass, may have potentiated the toxic effect of limonene. 
Biomass induction has already been reported in terpene biotransformations as 
a strategy to increase product concentration. For instance, a biomass induction 
procedure before the R-(+)-limonene biotransformation by Penicillium digitatum NRRL 
1202 resulted in a 4-fold increase in α-terpineol production [17]. Moreover, this 
biotransformation was only evidenced in the early- to mid-log phases of fungal growth 
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[17]. Another Penicillium sp. strain was also sensitive to biomass induction, which 
resulted in an increased production of rose oxide via citronellol biotransformation. The 
production of α-terpineol via biotransformation of R-(+)-limonene by P. digitatum DSM 
62840 could also be increased by 14.58% if 1.47 mM (equivalent to 0.2 g.L-1) of 
substrate was added to the biomass growth medium [31]. On the other hand, it was 
observed that the induction caused a decrease on carvone and α-terpineol production 
by Aspergillus sp. and Penicillium sp. in a limonene biotransformation process [24]. As 
for F. oxysporum 152b, the biotransformations of both S-(–)- and R-(+)-limonene to, 
respectively, limonene-1,2-diol [13] and  α-terpineol [23] were non-inducible, such as 
we evidenced in this study for the biotransformation of R-(+)-limonene to limonene-
1,2-diol by C. nymphaea. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Glucose consumption (•) and C. nymphaeae biomass growth (○) at 30 °C and 
150 rpm in YM broth (A) and R-(+)-limonene biotransformation for limonene-1,2-diol 
production with (■) or without (□) induction test using C. nymphaeae biomass with 
different ages, i.e. previously grown for 24 (B), 48 (C), and 72 (D) hours. The dashed 
lines indicate the moment of biomass recovery. Error bars are the standard deviation 
of a triplicate. 
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3.4. Influence of biomass freezing 
The biotransformation with freeze-thawed cells was performed to evaluate the 
possibility of maintaining the biocatalytic activity of the biomass after storage at -18°C. 
Fig. 3 shows the accumulation of limonene-1,2-diol using biomasses submitted to 
freeze–thawing treatments. As may be noticed, none of the treatments revealed 
significant differences in limonene-1,2-diol production (Supplementary table 2). In case 
of F. oxysporum, a freeze-thawing process accelerated the biotransformation of 
limonene to α-terpineol (i.e., increased α-terpineol productivity) [16]. This behavior was 
explained by the semipermeabilization effect of this treatment, which could release part 
of the intracellular enzymes and improve the solute transfer rate through the cell 
membrane [16,32]. However, it is important to recall that limonene itself, and its 
epoxide as well, have a membrane permeabilization effect, including on fungal spores 
[33], which make useless any additional treatment. Moreover, the cell permeabilization 
procedure is only applicable for cofactor-independent processes, such as the above-
mentioned biotransformation of limonene to α-terpineol. The cofactor-dependent 
biotransformation of this study, in turn, would not occur with cell-free enzymes with no 
cofactor-regenerating systems. However, as observed for F. oxysporum, C [16]. 
nymphaeae biomass could be stocked in frozen form before being used for limonene 
biotransformation, and this is very useful from a practical point of view. 
 
 
 
 
 
 
 
 
 
Fig. 3. Production of limonene-1,2-diol from biotransformation of R-(+)-limonene by C 
nymphaeae biomass previously treated with a single (■) or three successive freeze-
thawing cycles (♦), in addition to control biomass without treatment (•) and non-
resuspended biomass (biotransformation taking place in the growth medium) (○).Error 
bars are the standard deviation of a triplicate. 
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3.5. Influence of biomass resuspension 
Terpene biotransformation processes are usually carried out with resting cells, 
in media containing terpene as the only source of carbon and energy. Thus, it is usually 
necessary to recover the biomass and resuspend it in mineral media or buffers [34]. 
Considering that after 72 h of cell growth glucose was no longer present in the medium 
(Fig. 2), we decided to add limonene after this period to check the biotransformation 
kinetics using this approach. As may be noticed in Fig. 3 and Supplementary Table 2, 
there was no significant differences in the production of limonene-1,2-diol regarding 
the control process (resting cells). Biomass filtration may eliminate remaining 
compounds from the growth medium, which can interfere in the bioavailability of 
substrates [35]. However, in this study, we conclude that there was no need for this 
additional unit operation, thus simplifying the process. Nevertheless, it is important to 
note that the biotransformation in a complex medium can substantially increase the 
complexity and costs of a further downstream process. Therefore, a cost benefit 
analysis should be considered before running this biotransformation with or without 
biomass filtration and resuspension (resting cells). 
It is important to emphasize that the use of additional carbon sources (other than 
the terpene substrate) in the biotransformation medium can increase the conversion 
rate [17]. Using different operation regimens (batch, repeated batch and continuous 
fed bioconversion of limonene biotransformation to α-terpineol by immobilized 
Penicillium digitatum NRRL 1202), Tan and Day [36] observed that the yield decreased 
in the second and third cycles of the repeated-batch process, while regenerating the 
media with nutrients media after the third cycle helped to improved the yields. 
 
3.6. Biotransformation in biphasic medium 
The use of biphasic systems aims at reducing the toxic effect of substrates and 
products on the biomass during biotransformation processes, besides aiding product 
recovery and purification, and also decreasing the losses of substrate or products by 
volatilization [37]. In terms of limonene loss, our abiotic experiments in aqueous system 
indicated that after 192h only c.a. 5 g.L-1 limonene is left (c.a 75% loss). Therefore, we 
tested the biotransformation of limonene to limonene-1,2-diol by C. nymphaeae in 
biphasic system using hexadecane as organic solvent. This solvent was chosen due 
to its biocompatibility: it has a log P value of 9.6, which is c.a. two times higher than 
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the minimum limit for biocompatible solvents [37]. Since limonene solubility in water is 
low (13.8 mg.L-1) and higher in this solvent [38], limonene distributes more to the 
organic layer (lower toxicity towards the microorganism). In order to increase the 
solubility of limonene in aqueous media, other authors have preferred the use of co-
solvents in the biotransformation system [17,22]. 
In Fig. 4, it can be observed that the biotransformation was feasible in this 
system, but limonene-1,2-diol production was c.a. 75% lower than in the former 
experiments (Fig. 2 and Fig. 3). The decrease in diol production in this case might be 
related to the lower substrate transfer rate, since limonene has higher solubility in the 
organic phase. Moreover, most of the limonene-1,2-diol produced accumulated mainly 
in the aqueous phase (>99.0% in mass), suggesting that this system could not avoid 
a possible toxic effect associated to this product. The LogP value calculated for 
limonene-1,2-diol and water are, respectively, 1.5 and -0.5, while R-(+)-limonene and 
hexadecane have a LogP of 3.4 and 8.3, respectively [39]. These values and the high 
predicted water solubility of diol (14.6 g.L-1 at 25 °C, www.vcclab.org/lab/alogps/) justify 
the higher affinity of this product for the aqueous phase. 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Accumulation of limonene-1,2-diol in aqueous phase (○), organic phase (□, 
hexadecane) and in the complete system (aqueous + organic phases) (▲) during 
biotransformation in biphasic medium of R-(+)-limonene by C. nymphaeae previously 
grown in YM broth for 72 hours. Error bars are the standard deviation of a triplicate. 
 
As mentioned before, this biotransformation is aerobic, so oxygen is critical and 
some biphasic processes have oxygen limitation. Even if hexadecane is considered 
an “oxygen vector” [40], with good solubility to this gas, gas exchange can be 
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compromised, which slows down this process. Therefore, the use of biphasic systems 
may be limited in aerobic processes. In the (aerobic) biotransformation of limonene by 
Mortierella minutissima, for instance, a sharp drop in perillyl alcohol production was 
evidenced when using hexadecane in the medium [41]. But in oxygen-independent 
biotransformations, as is the case with Sphinghobium sp., this system can be very 
useful by inhibiting “competing” aerobic pathways of limonene degradation [23]. 
 
4. Conclusions 
The characterization of a given process is essential to understand the 
requirements and assess its applicability in larger scale. This study revealed, for 
instance, that the biotransformation of limonene to its corresponding diol by C. 
nymphaeae is an aerobic process and that the bioconversion parameters (product 
concentration and productivity) were better when using a 72 h-old biomass and a single 
feeding of 15 g.L-1 R-(+)-limonene at time zero. This suggests that aeration would be 
important when conducting such process in a bioreactor and batch operation would be 
more suited than fed-batch. It was also evidenced that the aqueous-hexadecane 
biphasic system was not indicated for this process, possibly due to limitations in oxygen 
delivery. Moreover, we showed that the biomass could be stored in a freezer (-18 °C) 
without significant loss in biotransformation activity even after three freeze-thawing 
cycles. Finally, the results obtained indicated that the recovery of biomass (filtration) 
followed by its resuspension in a mineral medium was unnecessary, suggesting that 
the biotransformation could start by adding limonene to the bioreactor just after glucose 
is exhausted during biomass production. The growth of biomass in the presence of 
limonene did not increase the concentration of the productivity of limonene-1,2-diol, 
suggesting that the enzymes of such biotransformation are non-inducible. Thus, the 
results presented here will guide the application of such bioprocess in bioreactors, 
which is already being carried out by our team. 
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Supplementary material 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1. Production of limonene-1,2-diol with different R-(+)-
limonene feeding regimens using C. nymphaeae previously grown in YM broth for 72 
hours. The substrate feeding regimens were: (■) 20 g.L-1 at time 0 h (single feeding); 
(▲) 15 g.L-1 at time 0 h (single feeding); ( ) 10 g.L-1 at time 0 h and 10 g.L-1 at 96 h 
(fed-batch); (♦) 5 g.L-1 at time 0h, 5 g.L-1 at 48 h and 5 g.L-1 at 96 h (fed-batch). Error 
bars are the standard deviation of a triplicate. 
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Supplementary Table 1 
Production of limonene-1,2-diol from biotransformation of R-(+)-limonene by C. 
nymphaeae biomass previously grown for 24, 48, and 72 hours with or without 
induction test, according to Fig. 2. Values are presented as average ± standard 
deviation. Different letters indicate a statistically significant difference (p < 0.05). 
 TM 1 Lim-diol 2 Yp/x 3 Prp 4 
Biomass (h) (g.L-1) (%) (mg.L-1.h-1) 
24 h-old non-induced 240 2.06±0.22 c 62.4±6.7 a 8.6±0.9 c 
24 h-old induced 240 1.10±0.19 d 33.5±5.8 b 4.6±0.8 d 
48 h-old non-induced 192 3.75±0.18 a 58.9±2.8 a 19.5±0.9 a 
48 h-old induced 192 2.83±0.16 b 44.4±2.5 b 14.7±0.8 b 
72 h-old non-induced 192 4.00±0.25 a 61.4±3.9 a 20.8±1.3 a 
72 h-old induced 192 3.79± 0.18 a 58.1±2.7 a 19.7±0.9 a 
1 Time for achieving the maximal limonene-1,2-diol concentration; 
2 Maximal limonene-1,2-diol concentration (after TM1); 
3 Yield of limonene-1,2-diol per biomass used (%, w.w-1); 
4 Productivity of limonene-1,2-diol;  
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Supplementary Table 2 
Production of limonene-1,2-diol from the biotransformation of R-(+)-limonene by C 
nymphaeae biomass previously treated with a single or three successive freeze-
thawing cycles, in addition to control biomass (without treatment) and non-
resuspended biomass (biotransformation with growing cells). Data obtained from Fig. 
3. Values are presented as average ± standard deviation. Different letters indicate a 
statistically significant difference (p < 0.05). 
 TM 1 Lim-diol 2 Prp 3 
 (h) (g.L-1) (mg.L-1.h-1) 
Control 192 3.72±0.13 a 19.4±0.7 a 
Single freeze-thawing 192 3.42±0.24 a 17.8±1.3 a 
Three successive freeze-thawings 192 3.45±0.12 a 18.0±0.6 a 
Non-resuspended biomass 192 3.47± 0.16 a 18.1±0.8 a 
1 Time for achieving the maximal limonene-1,2-diol concentration; 
2 Maximal limonene-1,2-diol concentration (after 192 h); 
3 Productivity of limonene-1,2-diol. 
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Abstract 
The objective of this work was to optimize the conditions of the biotransformation of 
limonene to limonene-1,2-diol by C. nymphaeae. The effect of temperature, agitation, 
pH and inoculum on the concentration and yield of diol were modeled in shake flasks 
and the optimal conditions were transposed for a lab scale bioreactor, where the effect 
of agitation and aeration were also evaluated. The results demonstrated that the use 
of 13.2 g.L-1 biomass, 27 °C, 250 rpm and pH of 6.0 could maximize the production of 
limonene-1,2-diol (6.75 g.L-1) in shake flasks. During the biotransformation in 
bioreactor (1 L use volume), a minimum 60% of dissolved oxygen was defined for this 
process considering the limonene-1,2-diol production as response to different values 
of agitation and aeration. Limonene volatilization rate could be reduced almost three 
times when a larger condenser was used. Finally, when the bioreactor was operated 
at 27 °C, 300 rpm, 1 vvm and with 13.2 g.L-1 C. nymphaeae biomass, the limonene-
1,2-diol production reached 7.1, 7.8 and 5.6 g.L-1 after 3 days when using 20 g.L-1 of 
R-(+)-, S-(+)-limonene or citrus terpene as substrate, respectively. This is 
approximately the same maximum product concentration found for the shake flasks, 
but it represents a productivity almost three times higher.  
 
Keywords 
Bioaroma; bioreactor; citrus terpene; dissolved oxygen; volatilization. 
 
1. Introduction 
Terpenes have a strong impact on the global market, considering that such 
compounds cover sectors such as food, perfumery, cosmetic, pharmaceutical and fuel 
industries. Natural and sustainable appeals increasingly drive the search for these 
compounds and, in this context, terpenes with biotechnological origin may have a more 
added value (FELIPE; OLIVEIRA; BICAS, 2017). Therefore, the biotransformation of 
natural terpene substrates is an interesting approach for producing biotech terpene 
compounds. However, this strategy has some challenges, such as: (i) chemical 
instability, (ii) low water solubility, (iii) high volatility, and (iv) high toxicity of both 
substrate and product; besides the (v) low yields obtained and (vi) high costs related 
to fermentations (BICAS; DIONÍSIO; PASTORE, 2009; MOLINA et al., 2013). Thus, 
optimization of process variables may be highly relevant to overcome these problems. 
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Optimization studies have indicated that substantial increase in product’s 
concentration is feasible and that temperature, pH and agitation are relevant 
parameters in the biotransformation of terpenes (AJIKUMAR et al., 2010; BICAS et al., 
2008). Moreover, the use of bioreactors and scale-up studies are necessary for the 
application and recovery of the product in larger volumes (i.e. industrial scale) 
(GARCIA-OCHOA; GOMEZ, 2009). In this context, parameters such as dissolved 
oxygen, primordial in aerobic processes, might be limiting to reach a desirable yield 
(SCHÄFER; SCHRADER; SELL, 2004). 
In previous studies, it was demonstrated Colletotrichum nymphaeae could 
biotransform limonene to limonene-1,2-diol reaching concentrations up to 4 g.L-1 after 
192h (SALES et al., 2017). This product has been associated to a significant inhibitory 
effect on the proinflammatory activities of CD4+ and CD8+ T lymphocytes (LAPPAS; 
LAPPAS, 2012), a potential anticancer activity (LEE et al., 2017; MURTHY et al., 
2012), insect-attractant properties (BOWEN, 1975), besides being possibly used as 
flavoring of beverages, chewing gum, gelatins and puddings (BURDOCK, 2010). 
Regarding the substrate used, R-(+)-limonene is the major terpene in citrus oils and is 
available in large quantities in nature or as a by-product of the juice industry (SCHWAB; 
FUCHS; HUANG, 2013), thus it is considered that its biotransformation may be a good 
choice for increasing it added value (MAMMA; CHRISTAKOPOULOS, 2014). 
Therefore, the objective of this work was to optimize the conditions of the 
biotransformation of limonene to limonene-1,2-diol by C. nymphaeae CBMAI 0864 in 
shake flasks and to further transpose this process to a lab scale bioreactor. 
 
2. Materials and methods 
2.1. Microorganisms and chemicals 
The strain C. nymphaeae CBMAI 0864 was a courtesy of the Brazilian 
Collection of Environmental and Industrial Microorganisms (CBMAI) of the 
Multidisciplinary Center of Chemical, Biological and Agricultural Research (CPQBA, 
Paulínia, SP, Brazil). R-(+)- and S-(−)-limonene (purity 99%) were purchased from 
Sigma–Aldrich (St. Louis, MO, USA). All other chemicals and solvents were of the best 
grade available. Citrus terpene (produced from orange peel by the distillation process, 
97% R-(+)-limonene in GC, data not shown), gently supplied by Cocamar® 
(Paranavaí, PR, Brazil), was also used in this study as a convenient source of R-(+)-
limonene. 
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2.2. Optimization experiments 
2.2.1. Inoculum preparation 
A piece of agar (~1.5 cm2) with the pre-grown culture (30°C for 72 hours) in 
yeast and malt (YM) agar (in g.L-1: glucose = 10; peptone = 5; yeast extract = 3; malt 
extract = 3; agar = 20, pH ~ 6.7) was transferred to a 125 ml conical flask filled with 50 
ml of YM Broth (the same composition mentioned above, without the agar). The 
material was homogenized under sterile conditions with an Ultra-Turrax® T18 (Ika, 
Wilmington, NC, USA) until complete disruption of the solid matter. After incubation at 
30°C and 150 rpm for 48 h, the biomass was recovered by vacuum filtration using a 
Buchner funnel and paper filter Whatman #1 (BICAS et al., 2008). 
 
2.2.2 Biotransformation procedure 
The resulting biomass was resuspended in 50 mL phosphate buffer 20 
µmol.L-1 supplemented with 20 g.L-1 of R-(+)-limonene. The flasks were incubated at a 
given condition (see 2.2.3) and samples were collected every 48 hours to analyze the 
possible products formed. 
 
2.2.3. Experimental design 
A central composite rotatable design with 24 experiments and 4 center 
points was considered to model the effect of agitation, temperature, pH and inoculum 
concentration (Tables 1 and 2) on the concentration (g.L-1) and yield of limonene-1,2-
diol (Yp/x; %, g.g-1) (RODRIGUES; IEMMA, 2014). 
 
Table 1. Variables and levels evaluated in the central composite rotatable design 
Variables Levels 
-2 -1 0 +1 +2 
Agitation (rpm) 50 115 180 245 310 
Temperature (°C) 20 24 28 32 36 
pH 5.5 6.0 6.5 7.0 7.5 
Inoculum concentration (g.L-1) 3.30 4.95 6.60 8.25 9.90 
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Table 2 Central composite rotatable design matrix and the resulting limonene-1,2-diol 
concentration (g.L-1) after 192 h biotransformation and Yp/x (%, g.g-1) after 192 h 
biotransformation for each assay. 
Assay A T pH I 
 [diol] *  Yp/x ¥ 
 192 h  192 h 
1 115 24 6.0 4.95  1.99  40.12 
2 245 24 6.0 4.95  3.12  63.11 
3 115 32 6.0 4.95  1.37  27.58 
4 245 32 6.0 4.95  2.77  55.96 
5 115 24 7.0 4.95  2.69  54.44 
6 245 24 7.0 4.95  2.89  58.38 
7 115 32 7.0 4.95  2.06  41.58 
8 245 32 7.0 4.95  1.94  39.24 
9 115 24 6.0 8.25  3.21  38.85 
10 245 24 6.0 8.25  4.01  48.58 
11 115 32 6.0 8.25  2.98  36.12 
12 245 32 6.0 8.25  4.20  50.86 
13 115 24 7.0 8.25  3.41  41.29 
14 245 24 7.0 8.25  0.74  40.14 
15 115 32 7.0 8.25  3.06  37.15 
16 245 32 7.0 8.25  3.44  41.66 
17 50 28 6.5 6.60  0.44  6.74 
18 310 28 6.5 6.60  3.81  57.69 
19 180 20 6.5 6.60  2.81  42.52 
20 180 36 6.5 6.60  0.03  0.43 
21 180 28 5.5 6.60  4.78  53.91 
22 180 28 7.5 6.60  3.19  48.31 
23 180 28 6.5 3.30  2.04  61.83 
24 180 28 6.5 9.90  4.62  46.72 
25 180 28 6.5 6.60  4.91  74.47 
26 180 28 6.5 6.60  4.11  62.22 
27 180 28 6.5 6.60  4.40  66.66 
28 180 28 6.5 6.60  3.96  59.96 
A: agitation (rpm), T: temperature (°C), I: inoculum concentration (g.L-1), * [diol]: 
limonene-1,2-diol concentration (g.L-1), ¥ Yp/x: Yield of limonene-1,2-diol by biomass 
(%, g.g-1). 
 
The results were analyzed by the software Protimiza® (http://experimental-
design.protimiza.com.br). A significance level of 10% was used for the central 
composite rotatable design. 
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2.3. Bioreactor application 
2.3.1. Inoculum 
Two agar plates (~180 cm2) with the pre-grown culture was homogenized 
(as in section 2.2.1.) in 6 L of YM Broth and transferred to a vessel of 7.5 L (nominal 
volume) controlled by a BioFlo®/CelliGen® 310 Bioreactor (www.eppendorf.com) 
equipped with pH and dissolved oxygen (DO) probes (www.mt.com/us/en/home.html). 
After incubation at 30 °C and 300 rpm (marine blade impeller) for 48 h, the biomass 
was recovered by vacuum filtration using a Buchner funnel and paper filter Whatman 
#1. 
 
2.3.2 Biotransformation 
The resulting biomass (section 2.3.1) was resuspended with 1 L of 
phosphate buffer 20 μmol.L-1 in a 2.5 L vessel coupled to the same system described 
above (2.3.1). The optimal values of pH, temperature and inoculum concentration 
obtained from the shaker optimization were applied to the bioreactor. Different levels 
of agitation and airflow were evaluated using 20 g.L-1 of R-(+)-limonene as substrate. 
After defining the agitation and airflow levels, S-(−)-limonene and citrus terpene were 
also tested as substrate. 
 
2.3.3. Loss of substrate by volatilization 
An abiotic control was done to evaluate the loss of substrate by 
volatilization. In this case, after biomass resuspension (as defined in Section 2.3.2), 
the whole vessel was autoclaved. Subsequently, R-(+)-limonene 20 g.L-1 was added 
to the vessel for operation under optimum biotransformation conditions. A silicone 
tubing was used to connected the condenser outlet to a bottle containing 100 mL of 
hexadecane, which was used to trap the limonene from the gas stream. The limonene 
concentration retained in hexadecane was then quantified at different airflow rates (0.5, 
1, 1.5 and 2 vvm). We also evaluated the loss of substrate using two different exhaust 
condensers with continuous flow of water at room temperature: a 18x2 cm (length x 
internal diameter) metallic and a 60x2 cm glass condenser. 
 
2.4. Extraction, identification, and quantification of biotransformation products 
Samples were extracted (40 s in vortex) using the same volume of ethyl 
acetate. After phase separation, the organic fraction was dried over sodium sulphate 
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and 1 µL of this phase was injected into a gas chromatograph with a flame ionization 
detector (GC–FID) HP-7890 (Agilent Technologies, Santa Clara, CA,) coupled to an 
HP-5 column (30 m length × 0.25 mm i.d. × 0.25 µm film thickness) operating at split 
mode (split ratio of 1:10). Helium was used as the carrier gas (1.0 mL.min–1), and the 
oven temperature was kept at 80 °C for 3 min, raised at 20 °C min–1 until 200 °C and 
held for 4 min. The temperatures of the injector and detector were kept at 250 °C 
(MOLINA et al., 2015). Substrates and products were quantified by a calibration curve 
using n-decane as an internal standard. The identification of volatile compounds was 
performed on a GC-MS system with a gas chromatograph HP-7890 coupled to a mass 
spectrometer HP-5975C (Agilent Technologies, Santa Clara, CA, USA). A column HP-
5MS with 30 m lenght x 0.25 mm i.d. x 0.25 µm of film thickness was used to separate 
the volatile components. Helium was used as carrier gas at constant flow rate of 1.0 
mL.min-1. The programming of the gas chromatograph oven temperature was the same 
as mentioned above. The mass spectrometer transfer line was set at a temperature of 
250 °C, impact energy of 70 +eV and a mass range 35-500 m/z. The identification of 
the compounds was made by comparing the spectra with NIST library and comparison 
with commercial standard. 
 
3. Results and discussion 
3.1. Optimization in flasks 
In general, regardless the condition tested, the highest product 
concentration was found after 192 hours of biotransformation (Supplementary Figure 
1). Therefore, this biotransformation time was chosen to model the influence of the 
parameters in this bioprocess. The data for 192 h-biotransformation were treated by 
the software Protimiza® and the regression coefficients for each of the parameters 
analyzed are shown in Supplementary Table 1. The coded model including only the 
significant parameters (P lower than approximately 0.1) are presented in Equations 1 
(for limonene-1,2-diol concentration) and 2 (for Yp/x).  
 
Lim-1,2-diol (g.L-1) = 4.34 + 0.49 A - 0.50 A² - 0.35 T - 0.67 T² - 0.19 pH² + 0.58 I - 0.20 I² - 0.26 A pH 
(1) 
 
Yp/x (%.g.g-1) = 62.73 + 7.61 A - 7.07 A² - 5.79 T - 9.75 T² - 2.34 pH² - 3.17 I - 4.43 A pH + 3.04 T I 
(2) 
81 
 
 
where A, T e I are agitation, temperature e inoculum concentration, respectively. 
To verify the validity of these models, an analysis of variance (ANOVA) was 
performed (Supplementary Table 2). The results obtained indicate that the models are 
statistically significant: F value is 6 to 7 times greater (regression/residues) or 
approximately 3 times lower (lack of fit/pure error) than the respective tabled F values 
at P of 0.90. Moreover, R2 values varied from 0.84 to 0.86, which are satisfactory for 
biological systems (BICAS et al., 2008; RODRIGUES; IEMMA, 2014). 
Figures 1 and 2 graphically present the Equations 1 and 2. In both figures, 
it is possible to observe that a maximum plateau is observed for temperature, agitation 
and pH values in the range of 25 to 29°C, 200 to 250 rpm and 6.0 to 7.0, respectively, 
regardless the response considered. However, as expected, the best inoculums 
concentration to maximize limonene-1,2-diol concentrations differs for the condition to 
reach an ideal yield: in case of limonene-1,2-diol concentration, 7.5 to 10 g.L-1 inoculum 
concentration is ideal, whereas 4.5 g.L-1 or less is indicated to get an optimum Yp/x. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Contour plots for limonene-1,2diol concentration after 192 h-biotransformation 
as a function of: agitation and temperature (A); agitation and pH (B); agitation and 
inoculum (C); temperature and pH (D); temperature and inoculum (E); pH and inoculum 
(F). For each figure, the non-cited variables were fixed at their center points. 
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Figure 2 Contour plots of the yield of limonene-1,2-diol by biomass (Yp/x) after 192 h-
biotransformation as a function of: agitation and temperature (A); agitation and pH (B); 
agitation and inoculum (C); temperature and pH (D); temperature and inoculum (E); 
pH and inoculum (F) For each figure, the non-cited variables were fixed at their center 
points. 
 
To evaluate if higher inoculum loads would result in a further increase in 
limonene-1,2-diol concentration (as suggested in Fig. 1C and 1E), a new 
biotransformation was carried out at the optimized conditions (250 rpm, 27 °C, pH 6) 
using different biomass concentrations (6.6, 13.2 and 26.4 g.L-1). The results are 
presented in Figure 3. As may be seen, a ~20% increase in limonene-1,2-diol 
concentration is achieved when biomass concentration is doubled (6.6 to 13.2 g.L-1), 
but there is no gain in limonene concentrations for biomass load higher than that (no 
statistical differences are observed among 13.2 and 26.4 g.L-1). At 192h, the limonene-
1,2-diol concentration (g.L-1) and yield (Yp/x) obtained for 6.6 g.L-1 of biomass (5.3 g.L-
1 and 81%, resp.) is 19% and 23% higher than the predicted model. 
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Figure 3. Kinetics of limonene-1,2-diol production at optimal conditions (250 rpm, 27 
°C, pH 6) using 6.6 (○), 13.2 (△) and 26.4 (□) g.L-1 biomass concentrations. 
 
The concentration range is among the highest reported. Bier et al. (2017), 
in a study with endophytic fungus isolated from Pinus taeda and identified as 
Phomopsis sp, produced 2.08 g.L-1 limonene-1,2-diol from R-(+)-limonene. Molina et 
al. (2015) reached 3.7 g.L-1 using Fusarium oxysporum. Abraham et al. (1985) using a 
reactor with 70 liters of medium and the fungus Corynespora cassiicola, converted 1.3 
kg R-(+)-limonene to 900 g limonene-1,2-diol (12.9 g.L-1). 
 
3.2. Biotransformation in bioreactor 
After 48 hours of growth of C. nymphaea in bioreactor, the glucose was 
completely consumed, pH increased and oxygen consumption decreased, indicating 
the end of log phase (Supplementary Figure 2). At this time the process was interrupted 
and the resulting biomass was used in the biotransformation process. 
 
3.2.1. Impact of dissolved oxygen on the biotransformation of limonene to limonene-
1,2-diol by C. nymphaeae 
To analyze the impact of the dissolved oxygen (DO) on the 
biotransformation of limonene to limonene-1,2-diol by C. nymphaeae, this process was 
conducted in a bioreactor with varied combinations of agitation and aeration. As 
presented in Figure 4, such parameters directly influenced DO in the bioconversion 
medium and limonene-1,2-diol production rate was greatly decreased when DO was 
below ~60%. Using an integrated array of microbioreactors, Lee et al. (2006) could 
keep an Escherichia coli fermentation at a minimum DO 40% even without any 
aeration. Gomes et al. (2007) observed that using 300 rpm and 0.3 vvm, a complete 
depletion of DO occurred in the medium of the biotransformation of methyl ricinoleate 
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into γ-decalactone by Yarrowia lipolytica. On the contrary, using 600 rpm and 0.9 vvm, 
DO was above 70% during the whole experiment, maintaining maximum production. 
Similarly, we demonstrated that different combinations of agitation and aeration 
resulting in a DO >60% was necessary to maintain the microorganism’s 
biotransforming activity. Considering that aeration rate may greatly influence the loss 
of volatiles from the culture medium (ONKEN; BERGER, 1999), we decided to check 
the loss of substrate at different aeration conditions to identify the ideal conditions for 
this biotransformation. 
 
 
 
 
 
 
 
 
 
Figure 4. Dissolved oxygen (DO, continuous line) and limonene-1,2-diol production 
(dashed line) from R-(+)-limonene biotransformation by C. nymphaeae in a 2.5 L 
bioreactor operating at different levels of agitation (rpm) and airflow (vvm) at 27 °C and 
pH 6.0. 
 
3.2.2. Effect of aeration on the substrate loss 
Loss of substrate by volatilization is one of the main problems in terpene 
biotransformation processes. Aroma compounds usually have high volatility, thus 
temperature, agitation and aeration may reinforce the volatilization rates 
(CHATTERJEE; BHATTACHARYYA, 2001). Therefore, in order to monitor limonene 
loss in the bioreactor, different agitations speeds and condenser systems were applied 
to an abiotic system containing limonene, whose concentration was monitored over 
time. Figure 5 shows that the substrate loss increased linearly with the aeration rate: 
for the metal 18x2 cm condenser, the loss increased at a rate of 141 mg.L-1.h-1.vvm-1, 
which was ~2.8 times higher than the glass 60x2 cm condenser (51 mg.L-1.h-1.vvm-1). 
Former studies also addressed the concern with substrate loss in biotransformations. 
In the biotransformation of citronellol by Cystoderma carcharias, the total loss of the 
85 
 
added volatile substrate via the exhaust air was 4.5% (ONKEN; BERGER, 1999). The 
use of adsorption of volatilized compounds in organic solvent for future quantification 
was used for terpene biotransformations in solid medium by Penicillium digitatum 
(DEMYTTENAERE; DE KIMPE, 2001). In order to avoid substrate loss by volatilization 
in biotransformation studies, different approaches have been reported. The use of co-
substrates (e.g. ethanol) (TAN; DAY; CADWALLADER, 1998) or biphasic systems (DE 
CARVALHO et al., 2000) are one of them. Moreover, the use of bioreactors with a 
particular design (closed loop bioreactors) is another interesting strategy (PESCHECK 
et al., 2009). 
 
 
 
 
 
 
 
 
Figure 5. Loss of R-(+)-limonene by volatilization using (●) metal 18x2 cm and (■) glass 
60x2 cm condensers in a 2.5L bioreactor containing autoclaved biomass (13.2 g.L-1) 
and operating at 300 rpm, 27 °C, pH 6 and different aeration rates. 
 
3.2.3. Biotransformation using different substrate sources 
The parameters obtained from shaker optimization (pH, temperature and 
biomass concentration) and bioreactor studies (agitation and aeration) were used for 
the biotransformation of R-(+)-, S-(‒)-limonene and citrus terpene (Figure 6). These 
substrates yielded a maximum of 7.1, 7.8 and 5.6 g limonene-1,2-diol L-1, respectively. 
In the case of R-(+)-limonene, when compared to the biotransformation in shake flasks, 
this maximum diol concentration was slightly increased (~5%), however, the 
productivity was much higher (2.7 times), since the biotransformation time required to 
reach the maximum concentration reduced from 8 to 3 days (Figs. 3 and 6). This was 
considered quite satisfactory, since the scale-up procedure reached at least the same 
concentration of the bench scale (KIM et al., 2008). 
It was also possible to note that the production kinetics of limonene-1,2-diol 
in bioreactor were very similar, regardless the enantiomer of limonene used (Fig. 6). 
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The less common enantiomer of this substrate, S-(‒)-limonene, is found in mint oils 
and pine fruits, and has already been reported by other authors (DEMYTTENAERE; 
VAN BELLEGHEM; DE KIMPE, 2001; MOLINA et al., 2015; NOMA; YAMASAKI; 
ASAKAWA, 1992) as biotechnological precursor of limonene-1,2-diol. However, the 
concentrations obtained in such studies were lower than those presented here (7.8 
g.L-1). Citrus terpene, a by-product of orange juice industry, with estimated global 
production of 30,000 tons per year (SCHWAB; FUCHS; HUANG, 2013) is an 
inexpensive source of R-(+)-limonene. Our study showed that this by-product could 
replace the standard R-(+)-limonene resulting in a similar production profile, although 
resulting in a 22.5% lower product concentration at a same biotransformation time 
(72h). Other authors have already reported the use of citrus by-products to replace 
limonene in biotransformation, but none with a product concentration as high as the 
one described in the present study. Bier et al. (2017), for instance, reported the 
biotransformation in a natural orange extract medium by Phomopsis sp. resulting in a 
production of 2.1 g limonene-1,2-diol L-1. Marostica et al. (2007) used orange peel oil 
in a biotransformation process using Fusarium oxysporum, and obtained c.a. 400 
mg.L-1 of α-terpineol. 
 
 
 
 
 
 
 
 
Figure 6. Production of limonene-1,2-diol by C. nymphaeae using R-(+)- (□), S-(‒)-
limonene (○) and citrus terpene (△) as substrate in a 2.5L bioreactor operating with 
13.2 g.L-1 biomass at 300 rpm, 27 °C, 1 vvm and pH 6.0. 
 
4. Conclusions 
Knowing the optimal conditions of shaker bioprocess is essential for 
reaching viable large-scale processes. This study revealed that the use of 13.2 g.L-1 
biomass as inoculums, 27 °C, 250 rpm and pH of 6.0 could maximize the production 
of limonene-1,2-diol via biotransformation of limonene by C. nymphaeae. The use of 
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DO as a parameter for the definition of agitation and airflow in bioreactor was very 
useful. It was defined that the agitation at 300 rpm and air flow at 1 vvm were sufficient 
to maintain the OD >60%, the minimum required for this process. We also identified 
that the substrate volatilization in bioreactor could be significantly reduced using a 60 
cm condenser and lower agitation rates. Therefore, when the bioreactor was operated 
at 27 °C, 300 rpm, 1 vvm and containing 13.2 g.L-1 C. nymphaeae biomass, the 
limonene-1,2-diol production reached 7.1, 7.8 and 5.6 g.L-1 after 3 days when using 20 
g.L-1 R-(+)-, S-(+)-limonene or citrus terpene, respectively. This is approximately the 
same product concentration found for the shake flasks, but in bioreactor the 
productivity was almost three times higher. We consider that the strategies adopted in 
this paper could be useful for researchers dealing with other bioprocesses as well. 
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Supplementary material 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1. Kinetics of R-(+)-limonene biotransformation to limonene-
1,2-diol by C. nymphaeae at different conditions. The numbers refer to the trials in 
Table 2. The average of the Central Points (●) are with standard deviation bars. 
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Supplementary Table 1. The least-squares and significances of the regression 
coefficients of the significant parameters (P lower than aprox. 0.1) for limonene-1,2-
diol concentration and yield (Yp/x) after 192 h-biotransformation. 
Lim-1,2-diol concentration (g.L-1)  Yp/x (%, g.g-1) 
Parameter RC SE t P value  Parameter RC SE t P value 
Mean 4.34 0.29 15.09 0.0000  Mean 65.83 4,23 15.58 0.0000 
A 0.49 0.10 4.65 0.0002  A 7.61 1.58 4.83 0.0001 
A2 -0.50 0.10 -4.77 0.0001  A2 -7.07 1.53 -4.63 0.0002 
T -0.35 0.10 -3.34 0.0035  T -5.79 1.58 -3.67 0.0016 
T2 -0.67 0.10 -6.45 0.0000  T2 -9.75 1.53 -6.39 0.0000 
pH Not significant >0.15  pH Not significant >0.15 
pH2 -0.19 0.10 -1.78 0.0915  pH2 -2.34 1.53 -1.54 0.1214 
I 0.58 0.10 5.56 0.0000  I -3.17 1.58 -2.01 0.0589 
I2 -0.20 0.10 -1.88 0.0748  I2 Not significant >0.15 
A × T Not significant >0.15  A × T Not significant >0.15 
A × pH -0.26 0.13 -2.05 0.0548  A × pH -4.43 1.93 -2.30 0.0332 
A × I Not significant >0.15  A × I Not significant >0.15 
T × pH Not significant >0.15  T × pH Not significant >0.15 
T × I Not significant >0.15  T × I 3.04 1.93 1.57 0.1318 
pH × I Not significant >0.15  pH × I Not significant >0.15 
RC Regression coefficient (g.L-1), SE standard error (g.L-1), A agitation, T temperature, 
I inoculum concentration. 
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Supplementary Table 2. ANOVA of the quadratic models (Eq. 2 and 3) proposed for 
limonene-1,2-diol concentration and yield (Yp/x). 
Variation source 
Lim-1,2-diol concentration (g.L-1)  Yp/x (%, g.g-1) 
SS df SM F value P value  SS df SM F value P value 
Regression 31.6 8 3.9 15.1 <0.0001  6035 8 754.4 12.7 <0.0001 
Residues 5.0 19 0.3    1131 19 59.6   
Lack of fit 4.5 16 0.3 1.6 0.3935  1008 16 63.1 1.5 0.4052 
Pure error 0.5 3 0.2    122.8 3 40.9   
Total 36.5 27     7167 27  F0.90(8,19) = 2,02 
 R2 = 0.86    R2 = 0.84 F0.90(16,3) = 5,16 
SS sum of squares, df degrees of freedom, SM mean square 
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Supplementary Figure 2. Growth (○), glucose remaining (●), dissolved oxygen (DO, 
black line) and pH (gray line) of the C. nymphaeae production in a 7.5 L bioreactor 
operating at 300 rpm, 1 vvm and 30°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSÃO GERAL 
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O período doutoral em qual essa tese foi produzida teve como papeis 
fundamentais, além da produção de conhecimento, a formação intelectual do aluno 
em questão. Ao se considerar que o campo da biotecnologia abrange inúmeras áreas 
do conhecimento, como a química, biologia, física, matemática, engenharia etc, o 
aprofundamento nesse campo se mostrou de grande importância para o preparo e 
futuro do aluno. Ao primeiro contato com os Laboratórios de Bioaromas e 
Biotecnologia de Alimentos da Faculdade de Engenharia de Alimentos (FEA-
UNICAMP), alguns métodos e técnicas da produção biotecnológica de compostos 
terpênicos foram aplicados para produção de α-terpineol pela biotransformação de R-
(+)-limoneno por Fusarium oxysporum 152b em biorreator de bancada do tipo airlift. 
Tal prática não obteve resultados que originassem publicação, porém foi 
extremamente útil para obtenção de prática e conhecimento na área, sendo assim, o 
relato está exposto como Apêndice da tese. 
O uso de espécies do gênero Colletotrichum foi anteriormente relatada para 
a biotransformação de terpenos (NUMPAQUE et al., 2011; NUMPAQUE; GIL 
GONZÁLEZ; DURANGO RESTREPO, 2015; R. VELASCO-BUCHELI et al., 2015; 
VELASCO et al., 2010, 2012). Porém, até onde sabemos, esse trabalho é o primeiro 
relato da capacidade de biotransformação de limoneno, α-pineno e linalol por fungos 
deste gênero. C. nymphaeae e C. acutatum são fungos fitopatógenos conhecidos pela 
ação em diversas culturas como citrus e morango (CANNON et al., 2012; DAMM et 
al., 2010, 2012). A escolha de avaliar o potencial biocatalítico dessas espécies se deu 
pela hipótese de que tais fungos possuem ação em hospedeiros vegetais, esses que 
produzem óleos essenciais constituídos de compostos terpênicos. Sendo assim, 
agentes que possuem resistência e mecanismos fisiológicos para metabolização de 
compostos terpênicos. 
O estudo de identificação (utilizando espectrometria de massas, tempo de 
retenção e padrão comercial) observou a conversão de monoterpenos em terpenoides 
de interesse comercial. Alguns em baixa concentração: aldeído campholenico, 
pinanona e verbenona foram obtidos da biotransformação de α-pineno; e óxidos de 
linallol foram obtidos a partir do linalool. Em concentrações que representam maior 
potencial econômico e comercial (isto é, >1 g.L-1), obteve-se apenas limoneno-1,2-diol 
a partir da biotransformação de limoneno, sendo o limoneno-1,2-epóxido um 
composto intermediário da via também presente no meio em menores concentrações. 
Tal via de conversão é descrita na literatura como epoxidação da molécula base de 
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limoneno, hidrolização do epóxido e acúmulo de limoneno-1,2-diol (BICAS et al., 2008; 
VAN DER WERF; SWARTS; DE BONT, 1999). Além disso, por meio de pesquisa in 
silico em genomas de Colletotrichum, verificou-se que as enzimas utilizadas no 
processo se assemelham às descritas para Grosmannia clavigera (WANG et al., 
2014). Estudo que corrobora para a utilidade da bioinformática nos estudos de 
produção biotecnológica. Diante do exposto, os ensaios seguintes do presente 
trabalho se concentraram na biotransformação de limoneno por C. nymphae e C. 
acutatum. 
Um dos maiores apelos da produção biotecnológica de aromas consiste no 
possível uso de fontes renováveis ou no aproveitamento de subprodutos como 
substrato (FELIPE; OLIVEIRA; BICAS, 2017). As duas cepas anteriormente citadas 
foram capazes de utilizar terpeno cítrico (subproduto da indústria de cítricos, rico em 
limoneno e normalmente utilizado como solvente de baixo custo) para conversão em 
limoneno-1,2-diol. Considerando o potencial biológico e tecnológico do limoneno-1,2-
diol (BOWEN, 1975; BURDOCK, 2010; LAPPAS; LAPPAS, 2012; LEE et al., 2017; 
MURTHY et al., 2012), o processo se torna um agregador de valor ao subproduto. 
O conhecimento das características de uma nova biotransformação se faz 
necessário para se alcançar maiores concentrações em menores tempos de 
processo. A condição aeróbia da conversão de limoneno por C. nymphaeae se 
confirma com a via de formação de limone-1,2-diol descrita por outros autores (VAN 
DER WERF; SWARTS; DE BONT, 1999; WANG et al., 2014). Tal informação é fator 
primordial nas aplicações em biorreator, onde a condição de aeração é objeto de 
muitos estudos. Além disso, as técnicas de indução celular, que envolve o contato do 
substrato com as células durante a produção de biomassa, visando uma adaptação e 
possível síntese de enzimas catalíticas (MOLINA et al., 2013), não ocasionaram maior 
concentração de produto. 
Estratégias de adição de substrato são constantemente avaliadas em 
processos, uma vez que a variação entre bateladas simples e alimentadas podem 
diminuir o tempo e aumentar o rendimento de produção (ROCHA et al., 2014). 
Utilizando R-(+)-limoneno como substrato, foi possível definir que uma única adição 
no início do processo seria suficiente para produção máxima. Alguns fatores podem 
influenciar essa etapa, como a toxicidade do substrato em altas concentrações. O 
resultado demonstra uma alta resistência das células ao substrato terpênico. Não por 
coincidência, a espécie é um dos maiores fitopatógenos mundialmente descritos 
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(DEAN et al., 2012). Tal resistência também se faz a condições extremas. 
Observamos que a biomassa produzida se manteve viável mesmo após sucessivos 
ciclos de congelamento e descongelamento, indicando uma praticidade de produção, 
onde a biomassa pode ser armazenada. Um outro estudo verificou que espécies de 
Colletotrichum se mantiveram viáveis na ação fitopatógena após congelamento de 
pecíolos de morango (MERTELY; LEGARD, 2004). 
O processo descrito nesse trabalho apresentou baixa produção em sistema 
bifásico de biotransformação utilizando hexadecano como fase orgânica. A 
característica mais hidrofílica do limoneno-1,2-diol ocasionou seu depósito na fase 
aquosa, tirando toda possível praticidade do sistema, uma vez que sistemas bifásicos 
são úteis por manterem o produto na fase orgânica, facilitando a recuperação 
(CABRAL, 2001). Como o processo é definido como aeróbio, o hexadecano pode ter 
limitado a transferência de oxigênio, mesmo sendo considerado um bom vetor de gás 
(LIU; WU, 2006). Estas etapas de caracterização aqui expostas são fundamentais 
para o estabelecimento de processos em maior escala e economicamente viávels. 
Além disso, estudos de otimização e scale-up são igualmente essenciais. 
Portanto, a etapa seguinte envolveu um estudo de otimização das 
condições de processo da biotransformação de R-(+)-limoneno por C. nymphaeae, 
bem como a condução deste processo de biotransformação em biorreator de bancada 
na busca de altas concentrações do produto em condições mais próximas àquelas 
possivelmente empregadas industrialmente. A concentração e o rendimento de 
produto por biomassa (5,3 g.L-1 e 81 %, respectivamente) foram satisfatórios após 
otimização das condições de processo em frascos (Erlenmeyers) utilizando 6,6 g.L-1 
de biomassa. Em testes adicionais observou-se que a produção de limoneno-1,2-diol 
atingia um limite (6.8 g.L-1) em concentração de biomassa de 13,2 g.L-1. Os 
parâmetros ótimos (temperatura, pH e concentração de inóculo) foram levados à 
aplicação em biorreator, restando a definição dos parâmetros de agitação (utilizando 
impelidores, diferente da mesa rotatória dos frascos) e aeração (ar injetado por 
bombas pneumáticas). 
O método de monitoramento de oxigênio dissolvido se amostrou adequado 
para a definição de agitação e aeração ideais. Uma vez que o binômio desses 
parâmetros influencia diretamente na dispersão e dissolução do oxigênio injetado no 
sistema. Definiu-se uma porcentagem mínima de saturação de oxigênio que fosse 
suficiente para manter o processo de biotransformação ativo. O uso do oxigênio 
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dissolvido já foi utilizado para outros processos como parâmetro de definição de 
condições ideais (GOMES et al., 2007; LEE et al., 2006). Entretanto, o uso de fluxo 
de ar acarreta outro desafio dos processos envolvendo voláteis: a perda de substrato 
e produto por volatilização (ONKEN; BERGER, 1999). Porém, a volatilização do 
substrato foi reduzida em 64% utilizando condensador de maior comprimento. 
Assim, foi possível biotransformar R-(+)-, S-(‒)-limoneno e terpeno cítrico 
em biorreator para produção de limoneno-1,2-diol em altas concentrações (7,1, 7,8 e 
5,6 g.L-1, respectivamente). Este valor é maior que o relatado por diversos outros 
autores: 3.7 g.L-1 (MOLINA et al., 2015); 2.1 g.L-1 (BIER; MEDEIROS; SOCCOL, 
2017); ~0,4 g.L-1 (NOMA; YAMASAKI; ASAKAWA, 1992). Mas ainda não atingiu a 
maior produção conhecida para este composto, isto é, aproximadamente 12,9 g.L-1 
utilizando o micro-organismo Corynespora cussiicola (ABRAHAM et al., 1985). 
Além disso, o tempo de produção para obtenção da concentração máxima 
de limonene-1,2-diol foi reduzido de 8 para 3 dias em comparação com o processo 
em frascos, ou seja, a produtividade em biorreator foi quase 3 vezes maior. 
Considerando que o terpeno cítrico tem uma produção anual estimada em 30.000 
toneladas (SCHWAB; FUCHS; HUANG, 2013), o processo se apresenta como uma 
alternativa mais interessante para um subproduto de certa forma subutilizado. O uso 
de fontes alternativas como substrato para biotransformação de terpenos já foi 
utilizado com sucesso em outros trabalhos (BIER; MEDEIROS; SOCCOL, 2017; 
MARÓSTICA; PASTORE, 2007). 
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C. acutatum e C. nymphaeae foram capazes de biotransformar limoneno, 
α-pineno e linalol. Até onde sabemos, este foi o primeiro relato de uma 
biotransformação destes terpenos pelo gênero Colletotrichum. As concentrações de 
limoneno-1,2-diol obtidas foram consideradas elevadas e, portanto, esses micro-
organismos podem ser considerados potenciais agentes para a produção 
biotecnológica de tal composto em maiores escalas. O terpeno cítrico também pôde 
ser utilizado como fonte alternativa de limoneno para a produção de limoneno-1,2-diol, 
o que diminui os custos do processo e permite um aproveitamento mais nobre deste 
subproduto da indústria citrícola. 
O processo de biotransformação de R-(+)-limoneno para limoneno-1,2-diol 
por C. nymphaeae foi caracterizado como aeróbio e os parâmetros de bioconversão 
(concentração e rendimento do produto por biomassa) foram melhores ao se utilizar 
uma biomassa de 72 h e uma única adição de 15 g.L-1 de R-(+)-limoneno no início do 
processo. O sistema bifásico aquoso-orgânico não foi indicado para este processo. A 
biomassa pode ser armazenada congelada sem perda significativa na atividade de 
biotransformação mesmo após três ciclos de congelamento-descongelamento. A 
recuperação da biomassa seguida de ressuspensão em meio mineral é 
desnecessária, sugerindo que a biotransformação pode começar pela adição de 
limoneno ao biorreator logo após a esgotamento da glicose durante a produção de 
biomassa. A indução não foi útil para aumentar a concentração de limoneno-1,2-diol. 
Tais fatos indicam que a produção deste composto deve ser aerado e requer a 
presença de biomassa metabolicamente ativa, a qual pode ser produzida virtualmente 
em qualquer meio de cultivo e pode ser armazenada sob congelamento. 
O uso de 13,2 g.L-1 biomassa como inóculo, 27°C, 250 rpm e pH de 6.0 
maximizou a produção de limoneno-1,2-diol pela biotransformação de limoneno por 
C. nymphaeae. O uso de oxigênio dissolvido (DO) como parâmetro para a definição 
de agitação e fluxo de ar no biorreator foi muito útil. Foi definido que a agitação a 300 
rpm e o fluxo de ar a 1 vvm foram suficientes para manter o DO >60%, o mínimo 
necessário para este processo. Também identificamos que a volatilização do 
substrato no biorreator pôde ser reduzida usando um condensador de 60 cm e 
menores taxas de agitação. Portanto, quando o biorreator foi operado a 27 °C, 300 
rpm, 1 vvm e contendo 13,2 gL-1 de biomassa de C. nymphaeae, a produção de 
limoneno-1,2-diol atingiu 7,1, 7,8 e 5,6 após 3 dias quando se utilizou 20 g.L-1 de R-
(+)-, S-(+)-limoneno ou terpeno cítrico, respectivamente. Esta é aproximadamente a 
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mesma produção encontrada para os frascos de agitação, mas uma produtividade 
quase três vezes maior. Encorajamos futuros estudos de recuperação, purificação e 
aplicação biológica do composto produzido. 
Este estudo apresentou um avanço significativo no conhecimento das 
condições de processo para a obtenção de limoneno-1,2-diol a partir da 
biotransformação do limoneno. Portanto, a produção de tal composto em quantidades 
relativamente grandes está bem estabelecida, o que abre o caminho para ensaios de 
aplicação do limoneno-1,2-diol produzido biotecnologicamente. Além de ensaios 
nesta direção, sugere-se, como continuidade ao presente estudo: 
Aplicações em scale-up; 
Recuperação e purificação do produto formado; 
Identificação da composição dos estereoisômeros; 
Uso tecnológico em alimentos e outras áreas industriais. 
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BIOTRANSFORMAÇÃO DE LIMONENO EM BIORREATORES DE BANCADA 
UTILIZANDO O FUNGO Fusarium oxysporum 152B 
 
Adones Sales, Marcel Cerri, Juliano Lemos Bicas 
 
Este documento apresenta os resultados referentes a ensaios preliminares 
para avaliar a possibilidade de utilizar biorreatores de bancada para o processo de 
biotransformação R-(+)-limoneno em α-terpineol pelo fungo Fusarium oxysporum 
152b, o qual já é conhecido para processo utilizando frascos cônicos (Erlenmeyers) 
(MOLINA et al., 2015). A estratégia adotada foi primeiro produção de biomassa em 
reator STR (Stirred Tank Reactor), seguindo do uso da biomassa para 
biotransformação em biorreatores STR e airlift, e, por fim, a produção de biomassa 
seguida de biotransformação em STR e airlift. 
 
1. PRIMEIRO ENSAIO 
1.1. PRODUÇÃO DE BIOMASSA EM STR 
Inicialmente foram realizadas três bateladas de produção de biomassa de 
Fusarium oxysporum para posterior utilização em processos de biotransformação. A 
metodologia de preparo do inoculo seguiu o sugerido por Bicas et al. (2008) e o 
crescimento de biomassa realizado em fermentador New Brunswick BioFlo 310 
(Eppendorf North America, EUA) conforme as Figuras 1 e 2. 
 
 
 
 
 
 
 
Figura 1. Preparo de inóculo e produção de biomassa em reator. 
 
A produção de biomassa foi monitorada a cada 12 horas com aferimento 
de massa seca por método gravimétrico utilizando 5 mL por amostra. O pH e o 
oxigênio dissolvido (DO) foram monitorados por sondas no reator a cada 30 segundos. 
75 mL YM 
1,25 placas 
 
REATOR Meio de cultura YM 
72 horas 
30 °C 
1,5 L YM, 350 RPM 
1 vvm, 30 °C 
2 impellers Rushton 
Meio de cultura YM 
72 horas 
30 °C 
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A Figura 3 apresenta o monitoramento destes parâmetros durante a produção de 
biomassa. 
A biomassa produzida foi submetida à filtragem a vácuo e posteriormente 
acondicionado em frascos de vidro, os quais foram mantidos em freezer a -20 °C. O 
rendimento da produção de biomassa de Fusarium oxysporum em 1,5 litros de meio 
de cultura YM foi de 200 g em base úmida. 
 
1.2. BIOTRANSFORMAÇÃO EM STR 
Utilizou-se a biomassa produzida anteriormente em biorreator para o 
processo de biotransformação de limoneno em α-terpineol. A biomassa foi 
descongelada a temperatura ambiente e adicionada ao vaso do fermentador New 
Brunswick BioFlo 310 com 1,5 L de tampão fosfato pH 7,0 20mM a 150 rpm e 0,5 vvm. 
O limoneno foi adicionado na concentração de 0,5% no início do processo e a cada 
24 horas na mesma concentração. 
A cada 12 horas houve coleta de amostra para quantificação de voláteis 
em cromatógrafo gasoso. A figura 4 apresenta o cromatograma no tempo de retenção 
do α-terpineol nos tempos de 0, 24, 48 72 e 96 horas de biotranformação. O resultado 
foi confirmou a atividade biotransformadora de limoneno em α-terpineol para a 
biomassa armazenada sob congelamento. 
 
1.3. BIOTRANSFORMAÇÃO EM REATOR AIRLIFT 
Utilizou-se a biomassa produzida anteriormente em biorreator para o 
processo de biotransformação de limoneno em α-terpineol em biorreator por agitação 
pneumática. O reator foi produzido na UFSCar e adaptado à base de controle do 
fermentador New Brunswick BioFlo 310 para controle de fluxo de ar e temperatura 
(Figura 5). 
A biomassa (200 g em base úmida) foi descongelada a temperatura 
ambiente e adicionada ao vessel do reator airlift contendo 2,2 L de tampão fosfato pH 
7,0 20 mM. Aplicou-se fluxo de ar de 1 vvm e temperatura de 30 °C. O limoneno foi 
adicionado na concentração de 0,5% no início do processo e a cada 24 horas na 
mesma concentração. Porém, neste ensaio não foi observada a produção de α-
terpineol. Condições de fluxo de ar, homogeneização do meio, solubilidade do 
limoneno e volatilização dos compostos foram testados e comparados nos 
experimentos descritos a seguir. 
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2. SEGUNDO ENSAIO 
2.1. PRODUÇÃO DE BIOMASSA EM STR 
Para a produção de um novo lote de biomassa, a mesma metodologia de 
preparação de inóculo e produção citados anteriormente foi seguida. A produção de 
biomassa foi monitorada a cada 12 horas com aferimento de massa seca por método 
gravimétrico utilizando 5 mL por amostra. O pH e o oxigênio dissolvido (DO) foram 
monitorados por sondas no reator a cada 30 segundos. Também foi monitorado o 
consumo de açúcares pelo método DNS. O Figura 6 apresenta o monitoramento da 
produção de biomassa. Observou-se que entre 36 e 48 horas de produção ocorreu 
acúmulo de biomassa na parte superior do interior do reator e tal biomassa não é 
homogeneizada pelo movimento dos impellers (Figura 7). Tal situação torna o meio 
não homogêneo o que explica a variação do valor de massa seca após as 36 horas. 
Testes com variação do número de rotações por minuto e volume do meio de cultura 
serão necessários para solução do problema. 
 
2.2. SEGUNDA BIOTRANSFORMAÇÃO E COMPARATIVO ENTRE STR E 
AIRLIFT 
Utilizou-se o segundo lote de biomassas no processo de biotransformação 
de limoneno em α-terpineol em biorreatores STR e airlift. Foram realizados os mesmos 
procedimentos citados anteriormente tanto pra STR como para airlift. Porém, mais 
uma vez não foi observada a produção de α-terpineol em airlift e apenas uma pequena 
concentração de α-terpineol foi evidenciada em STR. 
 
3. TERCEIRO ENSAIO 
3.1. PRODUÇÃO DE BIOMASSA SEGUIDA DE BIOTRANSFORMAÇÃO EM 
STR E AIRLIFT 
Neste ensaio, seguiu-se a mesma metodologia de preparação de inóculo e 
produção biomassa citados anteriormente, com modificação do volume de meio de 
cultura do STR para 2 L e mantendo o volume de meio do airlift em 2,2 L. O 
monitoramento de massa seca e açúcares foi realizado para ambos os sistemas. O 
pH e o oxigênio dissolvido foram monitorados por sondas apenas no STR. A Figura 8 
apresenta o monitoramento de massa seca e glicose na produção de biomas em STR 
e airlift. 
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Observou-se que a mudança de volume para 2 litros no reator STR 
proporcionou uma melhor homogeneização e não foi observado o acúmulo de 
biomassa na cuba. Ocorreu uma estabilização da concentração de massa seca no fim 
do período de crescimento (36-48h). A glicose foi consumida em 48 horas para os dois 
sistemas. Para a biotransformação, após o consumo de glicose foi adicionado o 
substrato limoneno em concentração de 0,5% para os dois sistemas, com reposição 
a cada 24 horas. Porém, não foi observada a produção de α-terpineol em nenhum dos 
sistemas. 
 
4. QUARTO ENSAIO 
4.1. CRESCIMENTO DE BIOMASSA SEGUIDA DE BIOTRANSFORMAÇÃO 
EM STR – SEGUNDA REPETIÇÃO 
Neste último ensaio, a mesma metodologia de preparação de inóculo e 
produção biomassa citados anteriormente, com modificação do volume de meio de 
cultura do STR para 2 L. Foram monitorados o pH, o oxigênio dissolvido e açúcares. 
A Figura 9 apresenta o monitoramento da produção de biomassa. Para a 
biotransformação, após o consumo de glicose foi adicionado o substrato limoneno em 
concentração de 0,5% (v/v) com reposição (0,5%, v/v) a cada 24 horas. A produção 
de α-terpineol foi muito mais baixa se comparada aos primeiros experimentos, nos 
quais a biomassa primeiramente crescia, era separada, congelada e posteriormente 
utilizada na biotransformação. 
 
5. CONCLUSÃO 
Diante da não formação de produtos (ou da baixa concentração obtida) 
durante a biotransformação de R-(+)-limoneno em α-terpineol, optou-se por não dar 
prosseguimento aos ensaios em biorreatores de bancada com o micro-organismo 
Fusarium oxysporum. Porém, o estudo foi direcionado a novas espécies fúngicas 
(Colletotrichum nymphae e C. acutatum) que acabaram mostrando-se 
biocatalisadores mais promissoras para o processo em questão. 
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Figura 2. Crescimento de 
bioamassa em 1,5 litros de 
meio YM em fermentador 
New Brunswick BioFlo 310. 
Figura 3. pH, oxigênio dissolvido 
(DO) e massa seca da produção de 
biomassa de F. oxysporum em 
bioreator. 
Figura 5. Reator airlift 
adaptado à base de controle. 
Figura 4. Cromatograma no tempo de 
retenção do α-terpineol nos tempos de 0, 
24, 48 72 e 96 horas. 
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Figura 6. pH, DO, açúcares e massa 
seca da produção de biomassa 
durante 72 horas. 
Figura 7. Acúmulo de 
biomassa em reator com 48 
horas de produção com 1,5 
L de meio YM iniciais. 
Figura 8. Massa seca e glicose na 
produção de biomassa em STR e 
AIRLIFT. 
Figura 9. pH, DO e açúcares da 
produção de bioamassa por F. 
oxysporum em 48 horas. 
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